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The horse industry in Ireland is renowned globally and is estimated to be worth 
approximately €2 billion per annum to the Irish economy. While Ireland excels in 
horse production the quality of forages fed to horses over the winter and throughout 
the grazing season is largely unknown. Forages are an essential component of the 
horse’s diet and the NRC guidelines recommend a minimum forage intake of 1% of 
body weight for a healthy equine digestive system. From an owner’s perspective it is 
critical that the nutritive quality of these forages are optimised to ensure continued 
health and well-being for their horses. An understanding of the nutritional variation 
that is naturally occurring in forages will help owners strive to ensure a quality 
product for their horses. Forage samples of hay and haylage, representing the harvest 
period 2009 to 2014 were collected. The majority of the samples were produced in 
Ireland (73%) with the remaining samples produced in the UK (18%) and Canada 
(9%). Nutritional analysis was conducted on all samples in accordance with AOAC 
procedures and included: DM, moisture, ash, crude protein, NDF, ADF, ADL, GE 
and estimated DE. The distribution of moisture content in forages varied 
significantly according to country of production: Hay; Ireland 13.6% (10.9%, 
16.4%), UK 12.3% (10.6%, 14.4%), Canada 10.0 (9.0%, 11.2%) (P<0.001), 
Haylage; Ireland 32.7% (25.4%, 42.7%), UK 26.0% (22.6%, 29.5%) (P<0.05). Year 
of production for Irish hay had a significant effect on the all of the nutrient 
parameters with the exception of crude protein; moisture P<0.001, ash P<0.001, 
NDF P<0.001, ADF P<0.001, ADL P<0.001, GE P<0.001, DE P<0.001. The 
moisture, ash and crude protein content of Irish haylage was not affected by year of 
production. However, the content of NDF (P<0.001), ADF (P<0.001), ADL 
(P<0.001), GE (P<0.05), DE (P<0.001) and pH (P<0.01) in Irish haylage was 
significantly affected by year of production. Presence of pathogenic fungi was 
measured by culture on Sabouraud dextrose agar and mycotoxin presence was 
determined using Neogen Veratox ELISAs. A total of 77% of the samples were 
analysed for the presence of pathogenic fungi. Country of production had a 
significant effect on the presence of pathogenic fungi in hay (P<0.01) but not in 
haylage. Twenty-six percent of Irish hay samples were positive for the presence of 
pathogenic fungi, whilst only 10.8% of UK hay and 2.5% of Canadian hay were 
positive for the presence of pathogenic fungi. Aspergillus sp. was the most common 
pathogenic fungi isolated (98%) from the samples, however, Fusarium was isolated 
in 1 sample of hay. There was no significant effect of the moisture content 
categorisation of hay and the presence of Aspergillus sp. There was a similar 
distribution of samples positive for Aspergillus sp. in the three moisture categories 
(low <10%, moderate 10-15%, high >15%). The data generated has been used to 
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Managing equine stock efficiently demands good quality forage and the monitoring 
of this forage. Forage should be the main foundation of a horse’s diet. Guidelines 
indicate that forage in the horse’s diet should comprise 1% of body weight (BW) on 
a dry matter (DM) basis (NRC 2007). Good quality forage is nutritious, very 
palatable and also plays a vital role in maintaining a healthy and functional 
gastrointestinal tract. As forage is a fundamental component of the horse’s diet the 
nutritional value of forages is imperative for formulating a well-balanced diet. The 
use of horses has changed over the centuries. Previously horses were needed for 
agriculture and civil transport, whereas, nowadays they are a sports and leisure 
animal (Van Weeren and Brama 2005). Horses are now mainly used for sport and 
pleasure rather than for farm work. Their work load varies from pleasure horses to 
top performance athletes in racing, show jumping and eventing. This shift in usage 
has caused changes in the horse’s diet and feeding regime.  
The horse has evolved as a non-ruminant herbivore, with a gastrointestinal tract that 
is designed for trickle feeding on a forage diet. However, historically forage quality 
was often too poor to meet the energy requirements of working horses. In addition, 
grazing was also limited and bulky forage too difficult to transport and so more 
energy rich options such as oats and barley were added to provide the energy 
required (Harris et al. 2017). The inclusion of cereals and other energy rich 
feedstuffs still continues today despite better knowledge on the production of forage 
and the availability of better quality forages. Many horses are now stabled for a large 
proportion, if not the majority of the day, with limited or no access to fresh pasture 
and are fed preserved forages in replacement of fresh pasture. The increased usage of 
preserved forages over fresh pasture raises questions over the quality, suitability and 
quantities required of the different preserved forages. 
Ireland’s thoroughbred sector is renowned worldwide. Producing Group one winners 
and Champions is the ultimate goal of the industry. Achieving this goal is the 
culmination of many factors and the experts within the industry leave nothing to 
chance. Group one two-year-old races are often decided by inches at the line and 
therefore optimising each day in the production of these athletes is extremely 
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important. This short time frame means that these horses must be supplied with a 
suitable diet in order to provide the nutrients and minerals to allow for optimum 
skeletal development. A strong skeletal frame is essential to maintain soundness and 
to withstand the rigours of modern training. 
There is currently limited research that has monitored the variation in Irish produced 
hay and haylage; therefore any naturally occurring variance is unknown. This lack of 
research also means that the information available to owners and breeders on forage 
quality is restricted. There have been studies investigating the factors that affect 
mould proliferation and mycotoxins in grains, but information relating to forage is 
lacking. Details on the extent of pathogenic fungi and mycotoxin occurrence in 
forage are also limited. Therefore, the overall quality of the forage available for 
horses is unknown. Given the health implications of pathogenic fungi and 
mycotoxins it is imperative that in order to maximise the potential of these athletes 
during key growth stages and whilst in training, their exposure to pathogenic fungi 
and mycotoxins must be minimised. As forage is a crucial component of the horse’s 
diet is it essential that trends in forage quality are monitored and made available to 
the equine industry. 
This study aims to document the nutritional variation occurring in forage samples 
intended for consumption by equines. Throughout this work the variations in forage 
composition by year of production and geographical location will be profiled. The 
data will be analysed to establish if there are any relationships between various 
nutrient components and if there are any relationships between fungal or mycotoxin 
contamination and preservation quality. The results will help to raise awareness on 
the quality of forage available for horses in Ireland. In turn this should help with 




2 Literature Review 
2.1 The equine digestive system 
Horses are non-ruminant grazing herbivores with a gastrointestinal tract that is 
designed for eating a large high fibre diet (Fliegerova et al. 2016; Harris et al. 2017). 
The horse is a hind gut fermenter with a large caecum and a complex colon (Merritt 
and Julliand 2013). Horses typically forage on a wide range of plant species (van den 
Berg et al. 2016) for large portions of the day.  
The stomach of a 500kg horse can hold between 8 to 15L and comprises 
approximately 8% of the total GIT (Merritt and Julliand 2013). Partial breakdown of 
food occurs in the stomach. The mean retention time (MRT) of digesta in the 
stomach of the horse is rapid (2 to 6 hours) in comparison to the large intestine (Van 
Weyenberg et al. 2006). Horses, like humans, continually secrete HCl at a variable 
rate, even if the stomach is empty (Merritt and Julliand 2013). However, an empty 
stomach is not a normal condition for the horse, as horses will naturally forage for 10 
to 15 hours a day (Harris et al. 2017).  
The small intestine of the horse is approximately 25 m long (Dyce 2010; Merritt and 
Julliand 2013) and has a capacity for 40 to 50L of digesta (Lewis 1995). Passage of 
digesta through the small intestine is rapid at 30 cm/min (Van Weyenberg et al. 
2006). The majority of the feeding value of concentrate feed is obtained in the small 
intestine as a large proportion of the digestion and absorption of protein and soluble 
carbohydrates takes place in the small intestine (Hintz 1975; Dicks et al. 2014). 
The large intestine volume accounts for over 50% of the digestive tract of the horse 
(Merritt and Julliand 2013). The large intestine is made up of the caecum, colon and 
the rectum. A large proportion of the nutritive value of forages is absorbed in the 
large intestine as the digestion of fibre occurs in the large intestine of the horse 
(Hintz 1975). The capacity of the caecum is between 25 and 30L (Dicks et al. 2014), 
the large colon between 50 to 60L and the small colon between 18 to 19L capacity 
(Lewis 1995). The MRT of the large intestine is slow at approximately 35 hours 
(Van Weyenberg et al. 2006). 
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The horse has an enlarged caecum and colon to accommodate microbial 
fermentation (Fliegerova et al. 2016). Microbial fermentation occurs in the caecum 
and colon to breakdown fibre and carbohydrates (Dicks et al. 2014). Fibre is type of 
carbohydrate, composed of cellulose, hemi-cellulose and lignin (NRC 2007). Fibre 
can be measured in various forms which include crude fibre, neutral detergent fibre 
(NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL). Horses do not 
secrete the enzymes that can break down these complex molecules. However, the 
bacteria of the hind gut of the horse are able to break down these components. A by-
product of this microbial fermentation is volatile fatty acids (VFAs) which are an 
energy source that is suitable for absorption and utilisation by the horse.  
 The changing diet of the modern horse  
Equines have evolved as grass eaters and have been associated with grasslands 
throughout history. There is a twofold purpose of pasture for horses, as pastures 
provide food and space for exercise. Grass comprises the natural diet of the free 
ranging horse (Elia et al. 2010) with the majority of the free ranging horse’s day 
spent grazing. Horses are selective grazers and they base their grazing selection on 
palatability. Research has found that horses favour certain areas within a pasture and 
regularly return to graze the same area within the grazing season and from year to 
year (Bergès 2013). The diet of the wild horse and the domesticated horse differ 
greatly. Horses have evolved as free ranging grazers (Longland 2013) whose social 
units are small groups (Sigurjonsdottir et al. 2012) with a very strict hierarchy 
(Lewis 1995). The modern management of horses, such as stabling and feeding, 
rarely factor in the horse’s normal behaviour patterns. 
The wild horse, although not as common nowadays, has evolved as a grazing animal. 
Wild horses spend the majority of the day roaming and foraging outside in a variable 
environment (Harris 2013). Various studies have found that horses can spend from 
10 to 20 hours of the day grazing (Pearson et al. 2006; Sarrafchi and Blokhuis 2013; 
Harris et al. 2017). Horses prefer forage that is of a high-quality re-growth stage 
opposed to low quality reproductive stems (Bergès 2013). However, the diet of the 
domesticated horse contains a variety of feeds that can range from forage with a high 
or low moisture content to cereals with a high starch content. The typical diet of a 
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high-performance horse is low in fibre and high in starch. This is the opposite to the 
natural diet of grass which is high in fibre and low in starch (Elia et al. 2010).  
When stabled horses are fed ad libitum hay the amount of time spent eating is similar 
to horses at pasture (Lewis 1995). However, this is not common practice. Most 
stabled horses, whether leisure or performance horses, are fed limited amounts of 
forage 2 or 3 times a day, with restricted amounts of field turnout. However, horses 
rarely fast voluntarily for any longer than 2 to 4 hours (Harris 2013; Ellis et al. 2015; 
Harris et al. 2017). Studies have shown that horses spend a minimum of 8.5 to 12 
hours displaying foraging related behaviour (Ellis et al. 2010). Due to modern 
management the domesticated stabled horse, generally, has restricted feeding times 
with varied amounts of forage with additions of high starch diets (Secombe and 
Lester 2012), which are unnatural to the horse. Current management practices have 
meant that domesticated horses have had to adapt their digestive habits. Generally 
domesticated horses, unless at pasture, are not given ad lib access to forage. Stabling, 
winter feeding and feeding for performance have brought about a lot of changes to 
the horse’s diet. The introduction of preserved forage such as hay and haylage has 
replaced grass. Concentrates such as grains and cereals have been added to increase 
energy inputs. Common practice in most yards is to put the emphasis on the quality 
of concentrates in the horses’ diet rather than the quality of the forage.  
Feral horses consume forages to meet their maintenance requirements. Pratt-Philips 
et al. (2011) examined the nutritional quality of forages consumed by feral horses 
and concluded that the yearly diet of these horses contained on average 6±1.4% 
crude protein. This level of protein in the diet is very different to performance 
horses, however the horses studied were consuming a diet to meet their maintenance 
requirements. The breeding industry recommends that foals are provided with a diet 
of approximately 16% crude protein and the mature working horse in light work 
would receive approx. 9.5% crude protein per day (Frape, 2004). Due to the nature 
of the horse industry, horses are a potential product and require management at all 




2.2 Forages in the horse’s diet 
Forage is the most important component of the equine diet (Lindberg 2013) either as 
pasture or preserved forage (Newman and Raymond 2005; NRC 2007; Ragnarsson 
and Lindberg 2010) and is generally the cheapest feed for horses. As a general rule 
forages should make up at least 50% of the horses diet (NRC 2007). Grass, hay and 
haylage are the most common forms of forage that are fed to horses. 
The National Research Council defined forages as feeds that contain a high crude 
fibre content (NRC 2007). Forages are bulky with a low weight per unit of volume, 
high in fibre but with a low digestible energy (Lewis 1995; le Jeune et al. 2009). 
Forages provide fibre which is a source of energy for the horse an is important for a 
healthy gastrointestinal tract in the horse as forage helps to stimulate muscle tone 
and activity in the gastrointestinal tract (Lewis 1995). However, the protein content 
measured in forages is extremely variable, as legume forages are known to contain a 
higher level of protein and are more digestible than grass forages (Thomas and 
Tucker 2010).   
Forages are harvested and preserved at a stage of maximal yield and nutritional 
quality in order to provide a continuous supply throughout the year (Weinberg and 
Ashbell 2003). The aim of forage preservation is to retain the highest proportion of 
the original nutritional content (Weinberg and Ashbell 2003). Hay and haylage are 
the primary preserved forages used to feed the horse when access to grass is limited. 
Forage crops are preserved by drying or ensiling. Hay is preserved by drying and 
haylage is preserved by ensiling.  
 Hay 
Hay making is the traditional form of grass conservation (Müller and Udén 2007) 
with hay being the most common substitute for grass when grass is unavailable 
(Bergero and Peiretti 2011). Hay making can be limited to crops, such as grasses, 
that can be dried quickly and uniformly, and areas with limited rainfall during 
harvest (Weinberg and Ashbell 2003). Hay should have a dry matter content of 
approximately 85% or higher (Teagasc 2016; Harris et al. 2017). Long stemmed 
field-dried hay is the traditional form of forage in the horses diet (Newman and 
Raymond 2005). It contributes to meeting the nutritional requirements of the horse 
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and it also plays a vital role as a source of fibre and volume in the diet (Rodiek and 
Jones 2012). Hay provides bulk, meaning that its weight to volume is usually large, 
this provides the horses with plenty to eat throughout the day. 
Good hay is free from mould, dust, weeds and other foreign material (Teagasc 2016). 
It is leafy with fine stems, soft and pliable to touch and should be of bright colour 
rather than yellow or brown. The stage of maturity at harvest, weather and handling 
at harvest and the duration and condition of storage are factors that have a major 
influence on the quality of hay. Hay prices regularly increase and availability and 
quality often decrease by large amounts over the winter and the spring (Lewis 1995; 
Halleron 2017).  
The two main types of hay are grass and legume. The common grass species used for 
hay production are ryegrass, fescues, timothy and cocksfoot. Legumes used for hay 
production include alfalfa and clover. The main legume harvested is alfalfa. 
However, harvesting alfalfa is not common in Ireland due to the Irish climate and 
soil conditions. Legume hays have a higher nutritional value than grass hays as they 
generally contain two to three times the amount of protein and calcium, and contain 
more digestible energy (Lewis 1995; Thomas and Tucker 2010). Alfalfa is generally 
harvested in order to produce alfalfa chaff rather than a legume hay. Chaff is a 
feedstuff that consists of finely chopped forage. Alfalfa hay is popular in France 
where it is used to feed the younger stock due to its higher quantities of protein, 
calcium and phosphorous.  
 Haylage 
Haylage is an ensiled forage. Ensiled forages, also known as fermented forages, 
allow grass to be harvested at its greatest feeding value (Weinberg and Ashbell 
2003). Fermented forages, such as haylage and silage, are preserved based on 
primary fermentation of water soluble sugars to organic acids, mainly lactic acid, by 
lactic acid bacteria under anaerobic conditions, lowering the pH to below 5 
(Weinberg and Ashbell 2003; Cheli et al. 2013; Romero 2015). Haylage is 
differentiated from silage based on the dry matter (DM) content. Haylage is 
generally characterised by a DM content of above 50% (Müller 2009; Harris et al. 
2017) or between 40% to 65% (NRC 2007) in comparison to silage, which can have 
a DM content ranging to as low as 30% (Romero 2015). 
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Haylage tends to be cut at an earlier stage of grass maturity than hay (Bergero and 
Peiretti 2011) and it is baled at a higher moisture content than hay and a lower 
moisture content of silage. Haylage is made when grass is cut at the bud stage and 
then wilted before being baled (Frape 2004). Given that haylage can be baled at a 
lower dry matter content than hay, is it becoming more popular as it is seen as easier 
to produce. Haylage is an acceptable alternative to hay provided it is well conserved 
as it can provide a similar nutritive value to grass (Bergero and Peiretti 2011).  
Haylage has shown to be a palatable feed with enhanced nutritive value, and very 
importantly it is dust free (Bergero and Peiretti 2011; Teagasc 2016). According to 
(Cuddeford 2013) forage trends (hay and haylage) in Germany and the UK show that 
haylages are superior in quality to hays in terms of protein and energy content. 
According to (Ragnarsson and Lindberg 2008) studies have shown that ensiling 
forages will often result in a higher nutritive value than that of hay. This is because 
haylage should be made by harvesting grass at an earlier growth stage (Cuddeford et 
al. 2005a; Ragnarsson and Lindberg 2008; Bergero and Peiretti 2011) when the grass 
is of a higher nutritional content.  However, if haylage is produced at a later stage of 
grass maturity, this will impact the nutritional quality. Despite studies showing that 
haylage can be produced with a higher nutritive quality, specifically crude protein, 
other studies have also shown no differences between hay and haylage with regards 
to voluntary intake and digestibility coefficients when comparing perennial ryegrass 
haylage (Bergero et al. 2002) and permanent meadow hay and haylage (Bergero and 
Peiretti 2011). 
Studies report that haylage is becoming increasingly more popular than hay (Frape 
2004; Müller and Udén 2007). In Iceland, haylage is currently the favoured form of 
preserved forage for stabled horses (Ragnarsson and Lindberg 2008). Ragnarsson 
and Lindberg (2008) also state that there is a trend towards increased feeding of 
haylage to horses in other parts of Europe. However, the nutritive quality of these 
fermented forages varies with type of farming, stage of maturity of the crop, drying 
and ensiling technique (Bergero and Peiretti 2011). Scientific information on the 
effects of the aforementioned factors on quality in addition to the suitability of 




According to (Bergero et al. 2002) studies have found that the composition of 
haylage can be variable. Most of the research that has been carried out on haylage 
quality has been in relation to digestibility, voluntary intake and behavioural effects. 
Haylage is, in theory, easier to produce than hay. However, addressing the issue of 
the variability in haylage on the quality is more difficult due to the increased number 
of preservation variables in comparison to hay.  
 Importance of forage in the diet of the horse  
Horses are predisposed to a range of problems due to changes in feed and forage 
type and quality (Secombe and Lester 2012). Poor feeding practices continue to have 
a negative impact on the health, wellness and welfare of equines (Roberts and 
Murray 2014). The diet of an athlete can significantly influence athletic ability 
positively or negatively (Maughan 2013) and the only way to make sure that the 
horse is receiving the right amount of nutrients is by feeding a correctly formulated 
and prepared diet.  
Correct diet formulation requires the following information, the amount of each 
nutrient needed by the animal, nutritional value of the feeds that are available and 
quantity of feed needed in order to provide the quantity of nutrients required. There 
is currently limited emphasis placed on the forage quality or nutritional values of 
forages in the horse’s diet. The art of feeding is to ensure that the diet meets the 
varied requirements of the horse without causing digestive or metabolic issues. The 
horse’s size, function and temperament greatly affect the energy requirement in the 
diet. There are some general guidelines for feeding horses that include feed 
according to size, condition, workload and temperament. It is also important to feed 
only good quality forage and concentrates, and sufficient roughage. A more in-depth 
knowledge of how to correctly formulate a diet for the horse is limited among 
owners and breeders.  
Fibre plays an important role in the horse’s diet. Forages are important for 
maintaining a healthy gastrointestinal tract which in turn can have an affect on 
behaviour (NRC 2007; Harris et al. 2017). Various studies have shown that feeding 
of forage ad libitum increases the gastric pH and can be linked to a decreased 
incidence of gastric ulcers (NRC 2007). Essentially, a diet that is high in roughage 
and low in concentrates contains complex carbohydrates; these are broken down in 
Literature Review 
10 
the hind gut and provide volatile fatty acids (VFAs) as the main energy source (NRC 
2007). Whereas, a diet that is high in concentrates and low in roughage is comprised 
of mainly simple carbohydrates. These are broken down in the small intestine and 
provide glucose as the main energy source (Richardson and Murray 2016).  
Performance horses such as racehorses or top level eventers require diets that are 
high in concentrates due to the large amount of energy required for their workload 
(Richardson and Murray 2016). However, the more natural dietary approach would 
be a diet that is high in a good quality forage. This is not always the case as in order 
to meet the energy requirements of the horses the focus in the diet is placed on the 
concentrate feed. High concentrate diets predispose the horses to an imbalance in the 
hindgut microbial population, gastric function disturbance, an increased risk of colic 
and gastric ulcers and development of stereotypic behaviours (Richardson and 
Murray 2016). The limited use of forage is due to a lack of knowledge of the 
potential quality and benefits of good forage.  
There is some association between the consumption of large quantities of 
concentrate feeds and equine gastric ulcer syndrome (EGUS) (NRC 2007; Geor and 
Harris 2014). Pigs have a similar upper digestive system to the horse and so results 
from studies on pigs can often be adopted for the horse. Studies have shown that pigs 
are susceptible to ulceration and that the degree of ulceration is related to the degree 
of processed cereals in the diet (McDonald et al. 2011). According to Harris (2013) 
there has been no beneficial effect shown in performance by horses on a diet that is 
very high in starch and sugar. Diets that are high in starch and sugar increase the risk 
of gastrointestinal problems like gastric ulcers and some types of colic and may also 
cause behavioural issues (Harris 2013). Equine diets consisting of limited forage 
increase the risk of gastro-intestinal problems caused by inadequate fibre intake. 
Feeding inadequate forage, of either poor quality or limited amounts, increases the 
risk of colic and diarrhoea as well as some stereotypic behaviours (NRC 2007).  
Gastric ulcers are highly prevalent across the equine population and may go 
undiagnosed. Gastric ulcers are most commonly associated with horses involved in 
performance disciplines and intensive training, use of NSAID’s and a lack of 
roughage in the diet (Lavoie and Hinchcliff 2008). Many studies have been 
conducted on the prevalence of equine gastric ulcers, with nearly all studies 
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revealing a high occurrence in all types of horses. It is reported that the prevalence in 
foals is 25-50%, 80-90% in racehorses in training and >90% of weanlings after being 
stabled and halter breaking (Lavoie and Hinchcliff 2008). A study by le Jeune et al. 
(2009) reported gastric ulcers in 70% of thoroughbred broodmares. It is also reported 
that 60% of leisure horses suffer from gastric ulcers (Bell et al. 2007) and 
approximately 90% of horses in strenuous training present with ulcers (Jones 2002).  
Most equines suffering from gastric ulcers are asymptomatic showing no clinical 
signs. Some signs can be a poor appetite, decrease in performance, weight loss and a 
low-grade colic or abdominal discomfort depending on the severity of the ulcers 
(Lavoie and Hinchcliff 2008). Most of the aforementioned clinical signs can also be 
associated with many other conditions and cannot be solely used to diagnose EGUS 
(Lavoie and Hinchcliff 2008). Other symptoms that have been associated with ulcers 
are poor appetite, poor performance, abdominal discomfort, loose faeces, colic 
episodes, weight loss and disinterest in exercise (Birkmann et al. 2014). Diagnosis of 
gastric ulcers is difficult as gastroscopic examination is the only way to get a 
definitive conclusion. A basic diagnosis can be made on clinical symptoms and 
response to treatment. Treatment of gastric ulcers is mainly about management and 
changing the routine for the animal. A decrease in the intensity of the training, turn 
out time in a paddock, minimisation of fasting periods and increased access to forage 
help to decrease the occurrence of the gastric ulcers (Luthersson and Nadeau 2013).  
The majority of the energy and nutrient requirements of performance horses can be 
met using high quality forage (Lindberg 2013). The equine diet should amount to 2% 
of the horse’s body weight on a DM basis and at least 1% of body weight of forage 
(NRC 2007). Forage in the equine diet is necessary for a healthy functioning 
gastrointestinal tract. 
 
2.3 Nutritional analysis of Forage 
 Importance of nutritional analysis of forage 
General awareness of nutritional composition of forages among owners and breeders 
in Ireland is limited. The knowledge that owners and breeders have on nutritional 
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values tends to relate to concentrate feed only and with a mentality that “it is all in 
the bag”. The perception with forages is that appearance can be used as an indicator 
of quality. However, appearance is not a good indicator of the nutritional content of 
forage. The general perception is that forage is not as important as the concentrate 
feed. However, good forage is the foundation of a good diet for the horse. According 
to Cuddleford et al. (2005b) growing thoroughbreds in the UK are continually being 
overfed protein and the roughage that should be in the diet is being replaced by poor 
quality hay. Whereas, in correct diet formulation the amount and type of other feeds 
fed to horses is dependent on the quality, quantity and type of forage being fed 
(Lewis 1995).  
Whilst Ireland appears to excel at the production of horses, the quality of the forage 
that these animals are being maintained on over the winter is largely unknown. The 
information available on nutritional quality of forages is limited in the case of horses. 
However, without this information diets cannot be correctly formulated. There is 
also currently very little information on the nutrient variability of forages produced 
in Ireland for the horse industry. It is known that forages vary widely in their 
palatability and nutrient composition (Zhang et al. 2018). The only reliable and 
accurate way of determining the nutritional content is by analysing the forage. 
According to Corbally (1996) feed was the second largest input cost in the Irish 
sport-horse breeding industry and at equestrian sports centres.  
The need for good quality forage and subsequent nutritional analysis is becoming 
increasingly important. A poor summer in 2012 yielded a poor fodder harvest. In the 
Autumn of 2012, 30% of farmers were short of fodder (Kavanagh 2013). This 
resulted in a fodder crisis and the emergency importation of fodder. This caused the 
cost of forage to rise significantly and led to a volatile feed market (Agriland 2013) 
where quality and price were not correlated.  
Forages can be extremely variable in nutrient content (Lindberg 2013; Urschel and 
Lawrence 2013). Therefore, forages that are intended as food for horses should be 
carefully selected in order to supply the horse with appropriate energy and nutrient 
levels (Lindberg 2013) as well as a consistent product. The amount of concentrate 
needed in a horse’s diet can be greatly affected by the quality of forage. Therefore, it 
is important, where possible, to use high quality forage, with the emphasis on a high 
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energy content (Lindberg 2013). Nutritional parameters are known to influence 
growth and development in foals, and weanlings are especially sensitive to the 
quality of dietary protein (Athila and Saastamoinen 2005). Energy and protein intake 
greatly influence the growth rates in young horses (Ott 2005). Horses have a finite 
appetite and capacity for food, and therefore energy dense feeds are very valuable 
(Harris 2013). It is very important that there is an aim towards producing the highest 
quality of forages in order to provide the horse with a good foundation in the diet.  
 Nutrient parameters 
It is important that nutrient imbalances are prevented by knowing when to recognise 
imbalances in the horse’s diet. Body function is impacted when inadequate or 
excessive amount of nutrients are consumed. There are several parameters measured 
that are used for determining the nutritional quality of feedstuffs. These include dry 
matter, moisture, crude protein, nitrogen, neutral detergent fibre (NDF), acid 
detergent fibre (ADF), lignin (ADL), ash, organic matter, estimated digestible energy 
and gross energy. The main nutrient parameters of forages that are of concern for 
horses are digestible energy, protein, fibre calcium and phosphorous (NRC 2007). 
The importance of these nutrients in the horse’s diet will be described in the next 
section.  
Moisture and dry matter  
Moisture is a crucial factor in forage production for horses. Moisture is the amount 
of water that is present in the feed and dry matter represents everything else. 
Moisture content is determined as the loss of weight in a sample after being dried to 
a constant weight (McDonald et al. 2011). There are variances in the water content 
of feedstuffs, this can be due to preservation method and storage, this is especially 
evident in forages. 
Moisture content is also an important factor in food spoilage and therefore fungal 
growth. Moisture content is the most important factor that determines if mould will 
grow and to what extent the mould will grow (Newman and Raymond 2005). Hay 
with a high moisture content (>20%) has a higher risk of heating and fungal growth 
than hay with lower moisture content (Robinson et al. 1996). It is generally assumed 
that hay baled with a moisture content of less than 15% is relatively stable in terms 
of heating and microbial proliferation (Martinson et al. 2011).  
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The moisture in the forage adds a dilution factor to the nutrients meaning that a horse 
must consume more of a wetter forage than a drier forage in order to meet its dietary 
needs. Therefore, nutrient composition is regularly expressed on a DM basis 
(McDonald et al. 2011). This allows for a more effective comparison of the 
nutritional composition.  However, it is also important to factor in the moisture 
content of forages. Once the forages have been compared on a DM basis they should 
then be compared on an as fed basis. This allows for correcting the diets based on the 
moisture content to allow for adequate forage intake.  
The moisture content is also important in forage selection based on preference and 
individual horses. As previously mentioned, moisture content of hay, can be an 
indicator of risk for fungal contamination. However, the use of forages with a high 
moisture content, such as haylage, may also be beneficial to certain horses. For 
example, in the case of horses suffering from respiratory inflammation such as 
recurrent airway obstruction (RAO), removal of hay from the diet in exchange for 
haylage, when pasture is unavailable, is recommended as they are generally 
associated with less respirable particles. 
Protein  
Protein is the main nutrient parameter that horse owners and breeders focus on in 
their horse’s diet. Protein is vital to all physiological stages in the horse, as it is 
essential for maintenance and growth. There is a continuous need for dietary protein 
in the horse to support maintenance such as replacing hair and skin cells and growth. 
Proteins in the body are important for structure such as keratin, nutrient transport in 
the blood through haemoglobin, nutrient transport across cell membranes, regulation 
of metabolic function through enzymes, component of the immune system 
(immunoglobulins) and a buffer to minimise pH fluctuation in the body (Urschel and 
Lawrence 2013).  
It is traditionally believed that athletes engaged in power and strength exercise 
require a high dietary intake of protein for muscle growth and repair (Maughan 
2013). Limited studies on this topic have been conducted in horses. However, it has 
been shown that as physical activity increases so does the needs for protein in the 
diet (Campbell et al. 2007). The majority of this research has been carried out in 
relation to humans. However, according to (Maughan 2013) there is no evidence to 
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support the belief that excess dietary protein will increase protein synthesis, as any 
excess protein in the diet is converted to energy that is not required (Harris 2013). 
Dietary protein requirements depend on amount of the diet consumed, protein 
digestibility and the individual animal’s need for protein.  
Crude protein levels in forages are correlated with the forage digestibility. This in 
turn affects the voluntary intake by horses. Studies have shown that as the dietary 
fibre increases that the protein digestibility decreases (Ragnarsson and Lindberg 
2008; Alstrup et al. 2016; Hansen and Lawrence 2017). Protein digestibility in the 
horse is affected by the source of the protein and the amount of protein and fibre in 
the diet, as protein from grain is digested and absorbed in the small intestine (NRC 
2007; Dicks et al. 2014) whilst protein from forage is digested in the large intestine 
(Lewis 1995).  
Protein levels in forages can fluctuate greatly. This can be caused by numerous 
factors, such as grass type and stage of maturity at harvest. A study of roughages 
produced for horses in Germany found that the mean protein content of silage was 
12.4% DM, however, more than half of the protein levels in hay were well below 
this (Cuddeford et al. 2005a). According to Harris (2013) many hays in the UK may 
be low in protein. A UK study showed that silages are superior to hay in their protein 
and energy levels (Cuddeford et al. 2005a). According to Cuddleford et al. (2005a) 
grass hays in the UK rarely contain more than 8% CP with most around 6% and a 
proportion containing below 5%. Whereas haylage samples in the UK are on average 
around 12% CP with lows of 10% and highs of 16% (Cuddeford et al. 2005a). 
Mature grass hays and pasture forages tend to only contain 5 to 7% protein (Lewis 
1995); a study by Gálik et al. (2016) found crude protein levels in meadow hay in 
the western region of Slovakia on average at 8.19% and ranging from 12.57 to 
5.08% DM. 
Fibre 
Fibre is essential to every physiological stage in the horse. Forage digestibility for 
horses is primarily determined by the fibre content (Ragnarsson and Lindberg 2008; 
McDonald et al. 2011). The fibre quality of the forage is determined by examining 
fibre fractions, neutral detergent fibre (NDF), acid detergent fibre (ADF), and acid 
detergent lignin (ADL). The majority of fibre is broken down in the large intestine 
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by microbial fermentation (Richardson and Murray 2016). This microbial 
fermentation produces the energy yielding substances VFAs, mainly acetate, 
propionate and butyrate which contribute to energy metabolism (Richardson and 
Murray 2016). This shows that good forage can comprise a large part of the horses’ 
diet and supply them with sufficient amounts of energy.  
Neutral Detergent Fibre (NDF) 
NDF gives the best estimate of the total fibre content of the forage and is closely 
related to feed intake. Therefore, it can be measured to determine and/or estimate the 
quantity of forage an animal will consume. It represents the available and 
unavailable fibre fractions. NDF is the portion of the forage that contains cellulose, 
hemicelluloses and lignin (McDonald et al. 2011).  
Acid Detergent Fibre (ADF) 
ADF and ADL correspond to the indigestible fibre fractions. ADF is an important 
nutrient parameter as there is a correlation between ADF and digestibility 
(McDonald et al. 2011). Lower quality forage can be linked with increased NDF and 
ADF content (Hansen and Lawrence 2017). Protein availability is affected by the 
levels of ADF and ADL, as high levels of ADF and ADL decrease protein 
availability. ADF provides a quantitative measure of the indigestible fibre 
components of the sample. 
Acid Detergent Lignin (ADL) 
ADL is an indigestible plant component. It is a polymer component of the plant cell 
walls that provides rigidity and structural support to plants. ADL cannot be digested 
by the horse but it does provide bulk in the diet, and it is included in the 
measurement of dietary fibre. ADL is determined post ADF analysis.  
Ash and organic matter (OM) 
Ash comprises all forms of inorganic matter such as mineral matter, as well as 
inorganic contaminants, such as soil, sand, or dirt. The amount of ash is a measure of 
the total mineral content in a given sample. Organic matter consists largely of 




Energy is required for maintaining body weight, biological function and to survive 
the various stages of life and environmental challenges (Ellis 2013). Without 
sufficient energy in the diet the horse cannot grow or perform (Harris 2013). Various 
factors affect the horse’s energy requirements. Environmental conditions, intensity 
and duration of work, weight and ability of the rider, physical condition and degree 
of fatigue influence the horse’s energy needs (Lewis 1995). The majority of the total 
energy needs in the horse are for maintenance (Lewis 1995). For example, during 
heavy lactation or physical activity over 50% of dietary energy is needed for 
maintenance but with young horses 60 to 95% is needed for maintenance (Lewis 
1995).  
The increasing demand for horses to perform at high intensities for long periods of 
time or repeatedly means that they require energy intakes above those provided by a 
natural diet of predominantly forage (Harris 2013). When there is a high demand for 
energy in the horse, concentrate feeds are needed in the diet in order to meet the 
energy demands (Frape 2004). Concentrates are needed as the horse can consume 
larger quantities daily and they provide a higher metabolisable energy per kg DM 
(Frape 2004). However, according to (Lindberg 2013) it should be possible to 
provide the energy needs of most horses using a forage only diet. Use of high quality 
forage that has a high energy content can greatly reduce the volume of concentrates 
needed in the horses diet (Lindberg 2013). If forage production was to be geared 
more towards a higher quality product then this would provide better forage for the 
horse. 
The partitioning of dietary energy in the horse is shown in Figure 1. Gross energy 
and digestible energy are measured for the horse. For the purpose of this study gross 
energy was determined using calorimetry and digestible energy was estimated from 






Figure 1 The partitioning of dietary energy 
 
Energy has no measurable dimension but it can be converted into heat which is 
measurable (Lewis 1995). When a substance is completely oxidized the stored 
energy is released as heat, this is the heat of combustion, also known as gross energy 
(GE) (McDonald et al. 2011). GE is the total amount of energy stored in and 
available in a substance (Lewis 1995). 
Gross energy is the total energy value of forage before accounting for losses due to 
normal digestible, metabolic and productive functions. GE is the energy released by 
combusting a sample of forage in an oxygen rich atmosphere (Frape 2004). The GE 
of most farm animal foods vary very little with most common foods having a GE of 
18.4MJ/kg DM (McDonald et al. 2011). It is important to note that this is not a 
representation of the energy that is available to the horse (Frape 2004; McDonald et 
al. 2011).  
Digestible energy is important for analysing and distinguishing between feeds that 
have a similar gross energy content but differ in digestibility. Digestible energy is 
calculated by taking the gross energy content of the diet minus the gross energy 
content in the faeces (Frape 2004). Digestible energy is the energy absorbed by the 
horse (McDonald et al. 2011). It is affected by the fibre and protein content of the 
forage. The following NRC equation to predict digestible energy was used for this 
study: 
4.22 - 0.11 X (%ADF) + 0.0322 X (%CP) + 0.00112 X (%ADF2) 
Source: NRC, 2007 
It is important that the digestible energy content of the horse’s diet is appropriate to 
the amount of work the horse is performing. The amount of digestible energy needed 
for maintenance by a 600kg can be calculated using the following equation: Mcal 















and light horses, in light, medium and intense work has been estimated at 1.25, 1.50 
and 2.0 times the energy needed for maintenance (Lewis 1995).  
pH 
The pH affects several aspects of the forage and is an indicator of successful 
fermentation. During the ensiling process, the non-structural carbohydrates are 
converted to organic acids by anaerobic fermentation (NRC 2007). The ideal pH of 
haylage is between 4.5 and 6 (NRC 2007). At this pH level the growth of bacteria 
and fungi should be suppressed.  
 
2.4 Factors affecting nutritional quality  
Various factors influence the nutritional quality of the forage. Examples of such are 
species of grass, grassland management, moisture content, duration and type of 
storage, and weeds. It is important to optimise these factors for peak forage and grass 
management. It is important to note that the way in which forages are made is almost 
more important than any of the other factors. 
 Grassland management 
Good grassland management aims to provide nutritious herbage throughout the 
growing season at a relatively low cost through grazing at the correct stage of 
maturity, allowing time for the pasture to recover, replacing depleted nutrients and 
determining optimum levels of grazing. The main grassland management principles 
are to maintain soil fertility, remove livestock from pasture over winter and allow the 
pasture to recover throughout the grazing season, control grazing levels and top 
pastures after grazing. There are many factors that affect grass growth. Some of 
these are controllable such as drainage, compaction, acidity, fertility, weeds, 
stocking rate and grazing control. However, there are also factors that are 
uncontrollable such as the terrain, slope and the climate. It is important to have 
correct pasture and grazing management practises in place in order for the horse to 




 Plant species  
Grass and legumes are used for the production of forages. The nutrient composition 
of forage is influenced by the plant species.  
Legumes 
Legumes produce higher quality forage, when compared to grasses, as legumes 
contain more digestible energy (DE), calcium, protein, and vitamins and minerals 
(Lindberg 2013; Harris et al. 2017). However, legumes are more difficult for forage 
production as their leaves shatter easier than grass leaves (Frape 2004) and they do 
not tolerate humid or cold weather or poor soil conditions (Lewis 1995). It is 
essential that they are cut at the correct stage of maturity (Lewis 1995) and require 
careful handling after cutting as the leaves dry quicker than the stems and can be 
shattered during forage production (Weinberg and Ashbell 2003). Therefore, 
haymaking must be completed carefully in order to preserve the nutritional quality of 
the legumes (Weinberg and Ashbell 2003). Legumes are beneficial to forage 
production as they are able to use nitrogen from the atmosphere and the soil for 
producing plant protein (NRC 2007).  
Common legumes used in forage production are alfalfa and clover. In most studies 
where alfalfa is compared with other forage types as regards voluntary intake a 
preference is shown towards alfalfa (Rodiek and Jones 2012). This is due to the 
higher nutritional quality of legumes when compared to grasses. Clovers can grow in 
a wide range of soil and climate conditions (Lewis 1995). White clovers are included 
in many seed mixtures for their nutritional value and nitrogen fixing abilities 
(Department of Agriculture 2016). 
Grasses 
A variety of species of grasses are used for grazing and production of stored forages 
and there are considerable differences between the grass species that exist 
(Skladanka et al. 2013). Nutrient parameter levels vary with the species of grass, 
management and the environment it is grown under (Undersander 2013). There is a 
predominant use of perennial rye grass, Italian ryegrass and white clover in Ireland 
(Department of Agriculture 2016). However, the majority of Canadian hay that is 
imported into Ireland and the UK is produced using timothy (Creighton 2017).  
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The most widely used grass for pasture is ryegrass. Perennial ryegrass is grown for 
grass production and according to Frape (2004) highly productive grass swards tend 
to contain at least 30% perennial ryegrass. It is a persistent grass when managed and 
is aggressive and fills in the open spaces in the sward. Perennial ryegrass provides a 
long grazing season, is highly productive, very nutritious and responds well to 
fertilisers. It competes well with weeds and responds favourable to grazing. 
Perennial ryegrass is classified into three maturity groups which are based on the ear 
emergence date. Timothy grass is quite winter hardy, but it does not cope well with 
high summer temperatures (Lewis 1995). Timothy can also be used for forage 
production. A study by Ragnarsson and Lindberg (2008) into the nutritional value of 
timothy haylage showed that early cut timothy haylage is suitable for forming the 
basis of a diet for high performance horses. 
 Stage of maturity  
One of the most important factors affecting forage composition is stage of maturity 
at harvest (Urschel and Lawrence 2013). The nutritional quality of a preserved 
forage cannot be greater than the original sward. Therefore, the stage of maturity at 
harvest influences the value of the persevered forages (NRC 2007). The stage of 
maturity at the time of harvest has an influence on the proportions of protein and 
soluble carbohydrates as well as the amount of cellulose, hemi-cellulose and lignin 
(Lindberg 2013). The digestibility of the pasture changes dramatically with the stage 
of growth (Frape 2004). The leaves of legumes and grasses are richer in nutrients 
than the stems. As the plant matures there is less leaf material which reduces the 
quality of the sward.  
Stage of maturity of grass or legumes has a negative impact on the digestibility of 
dietary components. Ragnarsson and Lindberg (2008) reported that as the stage of 
maturity advanced the fibre content (CF, NDF and ADF) increased and the crude 
protein content decreased. This has also been reported by (Urschel and Lawrence 
2013). However, the differences in nutritional content at different stages of maturity 
may be beneficial in certain cases depending on the horses it will be fed to. 
Ragnarsson and Lindberg (2008) concluded that early-cut timothy haylage had the 
energy content necessary to form the base of a diet for performance horses whilst 
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late-cut timothy haylage had sufficient energy and protein content to cover the 
maintenance needs of Icelandic horses.  
According to Undersander (2013), harvesting hay before it goes to seed results in 
lower levels of non-structural carbohydrate which leads to higher energy levels. This 
view is also supported by other authors. This reduces the need for concentrates in the 
equine diet. However, weather constraints and lack of knowledge in this area means 
that harvesting at the correct time does not happen. If forage is grazed or cut late in 
the stage of maturity the available dietary energy and protein are low, whereas if it is 
harvested too early the forage yield is low (Lewis 1995). It is therefore difficult for 
farmers to balance the quantity to quality ratio.  
 Conditions at harvest 
In the northern hemisphere forage making generally occurs from May to June 
(Buckley et al. 2007). Hay requires 5 to 7 days of good weather whereas haylage 
only needs 3 to 4 days (Teagasc 2016). Harvesting forage is complicated by poor 
drying conditions, heavy dew and the threat of rainfall (Weinberg and Ashbell 2003). 
In Ireland these conditions are a regular occurrence. The Irish climate regularly 
provides difficulties in producing suitable feed and forage for equines. Due to 
inconsistent weather conditions throughout the harvesting period haylage is 
becoming more popular and is gradually replacing hay as the main source of forage 
for equines (Ragnarsson and Lindberg 2010). 
Dry weather is necessary for hay production to reduce the moisture content to 15-
20%, which is also crucial to help limit fungal growth and mycotoxin production. 
When hay is baled damp, toxigenic mould spores can thrive (Buckley et al. 2007). 
According to Buckley et al. (2007) the excessive precipitation during the forage 
harvest in Ireland in 2002 was a contributing factor to the high levels of pathogenic 
fungi in the Irish forage samples in that study. The Canadian hay in that study was 
produced in a drier climate which also has an overall 25-30% lower humidity level 
during forage harvesting periods when compared with Ireland (Buckley et al. 2007). 
Rainfall during harvesting provides another issue which is the loss of nutritional 
value as hay that is rained on once cut can lose 40 to 50% and possibly more of its 
nutritional value (Lewis 1995). In an effort to avoid rainfall, forage is often baled 
before reaching recommended dry matter levels, resulting in mould development and 
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reduced quality. It happens regularly that farmers aim to make hay but fail, wrap it 
and call it haylage. This is not ideal as limited respiration will take place in the bale 
and aerobic conditions may occur, leading to mould growth (Buckley et al. 2007).  
 Storage conditions 
Forage can become contaminated by pathogenic fungi at any stage from production 
to ingestion, therefore good practices during production help to reduce this risk 
(Kamphues 2013). Dry storage conditions are important to achieve and maintain the 
quality and avoid mould growth (Bergero and Peiretti 2011). It is important to 
manage every stage of forage harvesting carefully. Excessive heating may occur 
during storage if there was inadequate drying of the forage prior to storage, this leads 
to decreased protein digestibility (Lewis 1995). Once haylage is wrapped it is crucial 
that great care is taken not to puncture the plastic. A small puncture or tear in the 
plastic would allow air and moisture to enter allowing secondary aerobic respiration 
to occur and this will cause spoilage (Buckley et al. 2007; NRC 2007). Horses, 
unlike ruminants, are not able to metabolise certain toxins and therefore the hygiene 
quality of forages is crucial (NRC 2007). 
 
2.5 Mycology 
Grasses cohabit with various microorganisms including fungi. These 
microorganisms are important to the ecological fitness and species diversity of 
grasses (Canty et al. 2014). There are diverse interactions between fungal species 
and plants (Fink-Gremmels 2005). These interactions can be symbiotic relationships 
or pathogenic. When toxigenic fungi grow on edible plants the food and feed made 
from the plants is contaminated. As a result of the inevitable cohabitation of 
microorganisms and plants, millions of tonnes of forage worldwide are contaminated 
with fungi every year either prior to harvest or during storage (Fink-Gremmels 
2005). Fungi can produce secondary metabolites, called mycotoxins. Secondary 
metabolites are substances formed towards the end of the exponential growth phase 
and have no apparent function to the fungal growth or physiology (Maggon et al. 
1977). Mycotoxins are toxic to humans and animals. Mycoses are diseases caused by 
fungi, whilst mycotoxicoses are diseases caused by exposure to mycotoxins (Bennett 
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and Klich 2003). Fungi that cause mycoses are divided into two groups, primary 
pathogens which affect healthy individuals with normal immune systems, and 
opportunistic pathogens which cause illness in immunocompromised hosts (e.g. 
Aspergillus fumigatus) (Bennett and Klich 2003).   
Horses should never be fed mouldy forage as it is known that mouldy forage causes 
decreased physical performance ability in horses (Lewis 1995). Forage that is 
contaminated with mould affects the respiratory health of the horse (Kamphues 
2013). A performance horse, be it a thoroughbred or a sport horse, is an athlete. 
Athletes require fully functioning respiratory systems if they are to perform at their 
peak. A racing thoroughbred in peak performance will have a respiratory frequency 
of 110-130 breaths/minute with a tidal volume of 12-15 L which results in a 
respiratory minute volume of 1800-2000 L/min (Franklin et al. 2012; Mellor and 
Beausoleil 2017). The resting values are documented at 10-15 breaths/min with a 
tidal volume of 5-6 L (Mellor and Beausoleil 2017). If a horse’s respiratory system is 
compromised and not fully functioning then the horse cannot reach peak 
performance.  
The respiratory system can be compromised by inflammatory and/ or allergic 
reactions caused by infectious agents, toxins, dust or noxious gases (Robinson et al. 
1996; Van Erck-Westergren et al. 2013). Research has proven that fungi are one of 
the main causes of respiratory disease in horses. It is now recognised that the 
presence of fungi and spores in forages, bedding or feed is a very important 
predisposing factor to numerous respiratory disorders in horses. Recurrent airway 
obstruction (RAO) and exercise induced pulmonary haemorrhage (EIPH) are 
respiratory disorders that can be linked to fungal presence (Carson and Ricketts 
2010). EIPH and RAO are two of the main causes of poor performance ability in 
horses. These disorders seriously impact the athletic ability of horses and have been 
linked to pathogenic fungi (Lewis 1995; Carson and Ricketts 2010). Fungal 
contamination is also of importance as a health threat to people. ‘Farmer’s Lung’, an 
occupational hypersensitivity pneumonitis (Millon et al. 2012), is developed through 
exposure to spores in contaminated forages and bedding (Newman and Raymond 
2005). Aspergillus has been indicated as the main causative fungi of farmer’s lung 
(Millon et al. 2012). 
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Due to their implications, it is important to test for the presence of fungal growth and 
mycotoxins in forages intended for horses before it is fed to horses. Forages can 
become infected by fungi in the field, during transportation or in storage (Santin 
2005). Aspergillus and Fusarium are the most important fungi to test for in forages 
intended for horses as they and their mycotoxins are known to cause serious negative 
effects on the performance horse. Aspergillus and Fusarium are also among the most 
significant mycotoxin producing fungal genera found in food products (Berthiller et 
al. 2013), thus further highlighting the need for pre-testing of forage to determine its 
suitability for horses. Any level of fungal contamination is an issue as it is possible 
that even a low level of fungal contamination in a forage may yield significant 
amounts of mycotoxins (Newman and Raymond 2005). Fungi can grow unnoticed in 
forages under certain conditions and the awareness and understanding of this issue is 
limited among owners and breeders. It has been shown that horse owners’ opinions 
about the quality of their hay is not correlated with the analysis results for 
mycotoxins and moulds (Raymond et al. 2000). Raymond et al. (2000) reported that 
50% of the hay samples tested (n=10) contained potentially significant levels of 
mould and mycotoxin contamination, however only three of the samples were 
considered poor quality by the horse owners. 
Fungi associated with forages are generally considered in two categories: field fungi 
and storage fungi (Antonissen et al. 2014). The division is to do with the conditions 
required for growth. Important factors that influence the growth of moulds are 
moisture, temperature and availability of nutrients and oxygen (Skladanka et al. 
2013). Field fungi, for example Fusarium, grow and produce mycotoxins on the 
crops in the field whereas storage fungi, for example Aspergillus, develop and 
produce mycotoxins post-harvest (Antonissen et al. 2014).  
There have been limited studies carried out on the presence of pathogenic fungi in 
forages that are fed to horses. However, the information that is available shows that 
pathogenic fungi in forage is a very common occurrence. Buckley et al. (2007) 
reported that 50% of the Irish hay samples and 37% of Irish haylage samples tested 
positive for pathogenic fungi. The variance of pathogenic fungi between sample 
types was significant in this study with only 13% of the Canadian hay samples tested 
positive for pathogenic fungi. This highlights the increased need for monitoring of 
pathogenic fungi occurrence in forages fed to horses, especially given the 
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performance limiting factors that these fungi cause. Although the climatic conditions 
in Canada are more favourable for good hay production the prevalence of pathogenic 
fungi in Irish forages is of concern and cannot be entirely blamed on weather 
conditions. There is a higher emphasis placed on producing a high-quality forage 
product in Canada when compared to Ireland.  
 Aspergillus 
Aspergillus is the main pathogenic fungi of relevance when screening forages for 
horses. Members of the Aspergillus family are significant plant and human 
pathogens and are extremely versatile at producing mycotoxins (Palencia et al. 
2010). Aspergillus can destroy important food crops and also produce several 
mycotoxins which are generally toxic to livestock, poultry, fish and humans 
(Palencia et al. 2010). It is a storage fungus as it can develop in forages in storage 
when certain conditions are present. It is considered a storage fungi as it is able to 
grow at low moisture levels (Whitlow and Hagler 2004). Aspergillus species produce 
the mycotoxins aflatoxin, ochratoxin and fumonisin (Palencia et al. 2010).  
Aspergillus is an extremely important pathogenic fungus for horses. There have been 
three species of Aspergillus associated with disease in equines; 
Aspergillus fumigatus, Aspergillus niger, and Aspergillus flavus (Buckley et al. 
2007). The presence of Aspergillus spores in the stable environment has implications 
for the health of horses and the personnel working with them. The presence of 
Aspergillus in the environment of the horse has been linked to poor performance due 
to its ability to cause respiratory issues and immunosuppression in the horse. A. 
fumigatus has been heavily implicated as a causative agent of RAO (Fink-Gremmels 
2005; Newman and Raymond 2005) in horses, as well as farmer’s lung in humans. 
As previously mentioned, Buckley et al. (2007) found Aspergillus in 13% of 
Canadian hays, 50% of Irish hays and 37% of Irish haylage. The high prevalence of 
Aspergillus in Irish forages is a major problem and a cause for concern. The high 
prevalence of A. fumigatus in the positive samples (50% of Canadian hay and 80% 
of Irish haylage) highlights the versatility of Aspergillus and its ability to grow even 




Fusarium is important in relation to horses due to its ability to produce mycotoxins. 
Fusarium is a field fungus (Antonissen et al. 2014) as it develops whilst the crop is 
still in the field. It is a potent producer of the mycotoxins fumonisin, zearalenone 
(ZEA), T-2 (Buckley et al. 2007) and deoxynivalenol (DON) (Whitlow and Hagler 
2004). It has traditionally been linked with temperate countries as it requires lower 
temperatures for growth than the Aspergillus species (Santin 2005). According to 
Antonissen et al. (2014) a global study reported contamination of Fusarium 
mycotoxins DON, fumonisins and ZEA in 55%, 54% and 36% of feed and feed 
ingredients respectively. There is limited research into the effects of these 
mycotoxins on horses. Studies in pigs have shown that pregnant sows with limited 
exposure to Fusarium mycotoxins suffered embryonic loss and disruption to their 
normal reproductive cycle for extended periods. It is possible that these mycotoxins 
could cause similar symptoms in horses which would pose an issue to the breeding 
sector of the horse industry.  
Work conducted by Buckley et al. (2007) did not isolate any Fusarium species in 
forage. Despite not isolating Fusarium in any samples the study found zearalenone 
in all sample types indicating that Fusarium was present in the forages at some stage. 
This highlights that although Fusarium may not be present on a fungal culture of 




3 Research Methodology 
3.1 Sample collection 
Representative samples of hay and haylage were collected from stud farms, racing 
yards and sport-horse enterprises throughout Ireland and the UK. Forages produced 
in Canada were also represented in the study. The samples collected represented 
forages fed to horses during the feeding period 2010-2014. The total number of 
samples analysed was n=468, these samples represented forage produced in Ireland 
(n=342), the UK (n=85) and Canada (n=41).  
A representative sample of forage was collected by taking grab samples 
(approximately 20g) from representative areas of the forages. The grab samples were 
pooled and placed in a sterile plastic bag, sealed and labelled with the appropriate 
details. A minimum sample size of 100g was collected. Samples were stored at room 
temperature until analysis. All analysis was carried out in an ISO17025 accredited 
microbiology lab. 
 
3.2 Nutritional analyses 
All nutritional analysis was conducted in the Department of Biological Sciences in 
the University of Limerick. Samples were tested in duplicate for all parameters with 
the exception of pH and gross energy. All forages were analysed for dry matter, ash, 
crude protein, fibre fractions (including NDF, ADF and ADL) and gross energy. 
Digestible energy was estimated using the equation: 
DE (MJ/ kg) = 4.22 - 0.11 X (%ADF) + 0.0322 X (%CP) + 0.00112 X (%ADF2) 
(Source: NRC, 2007) 
 Determination of moisture and dry matter in forages 
A representative forage sample was obtained by taking cuttings with a scissors from 
numerous sections of the forage sample. This representative sample of forage was 
placed into a pre-weighed aluminium tray, using a top pan balance. The forage was 
dried using a fan oven (FD – 115, Binder®). Hay was dried at 105°C for 16 hours. 
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Haylage was dried at 55°C for 72 hours. Samples were weighed and the dry matter 
(DM) was calculated using the following formula: 
% DM = (Sample weight post-drying)  x  100 
                     (Sample weight pre-drying) 
 
Post drying, all forage samples were ground using a Retsch Knife Mill® set at 
5,000rpm for 1 minute and 10,000 rpm for an additional one minute. Subsequently 
samples were milled to 1mm using a Foss Cyclotec 1093 mill®. To ensure no 
samples were cross contaminated all components of the mill were thoroughly 
cleaned between samples. Samples were stored in airtight containers at room 
temperature.  
 Determination of nitrogen and crude protein in forages  
The crude protein content was determined on ground samples as kjeldahl nitrogen 
(N) x 6.25. The procedure was carried out in three stages: digestion, distillation and 
titration. The analysis was carried out on a digestion system (KjelDigester K446, 
Buchi®) and a distillation and titration unit (AutoKjeldahl K360, Buchi®).   
Digestion of the forage samples  
Approximately 1g of the sample was weighed on an analytical balance (Quintix224 – 
1S, Sartorius®) and added to the corresponding kjeldahl tube. The standard used was 
D-phenylalanine (Sigma®). D-phenylalanine has a known nitrogen concentration of 
8.5% (±0.2%). A kjeldahl tablet and 25 mL of H2SO4 (low in nitrogen) was added to 
each tube. In order to account for naturally occurring nitrogen in the sulphuric acid 
and/ or kjeldahl tablet a blank was included in every run. The blank sample 
contained sulphuric acid and a kjeldahl tablet. The digestion programme used was as 
follows: samples preheated at 220°C for 30 minutes, and then 420°C for 150 
minutes, followed by a cooling period of 30 minutes. The samples were allowed to 
cool completely in a fume hood.  
Distillation and titration 
The AutoKjeldahl distilling unit was prepared according to the manufacturer’s 
instructions. Each kjeldahl tube was placed into the AutoKjeldahl unit. The 
distillation and titration process were automatically controlled by the instrument. The 
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samples were diluted with 50 mL of dH2O and 75 mL of 40% NaOH. The sample 
was steam distilled into a conical flask which contained 60 mL 4% boric acid 
(H3BO3) and 1 ml (approx.) of indicator (bromocresol green). The distilled sample 
was then titrated with 0.1M HCl. Crude protein was determined by multiplying the 
nitrogen value by a factor of 6.25. The percentage of nitrogen was determined using 
the following equation:  
% Nitrogen = 1.4007 x V x N 
                                W(g) 
Where: V = corrected volume of HCl (volume of HCl used in titration – volume of 
HCl used in blank titration) 
N = normality of standard HCl 
W = weight of the sample (g) 
 Determination of fibre in forage 
The determination of NDF, ADF and ADL was carried out using the sequential 
method and a fibre extraction unit according to manufacturer guidelines (Ankom 
Technology® 2003). A hay sample was used as a standard. A total of twenty-three 
dried, ground hay sample from the same source were analysed for NDF, ADF and 
ADL. The coefficient of variance (CV) of this standard was 1.95, 1.61 and 3.88 for 
NDF, ADF and ADL respectively. This hay standard was subsequently used to 
ensure accuracy for all determinations of NDF, ADF and ADL. Further details on the 
NDF, ADF and ADL content of this standard are provided in Appendix 1. 
Determination of NDF 
Fibre filter bags (F 57, Ankom®) with a 25 micron porosity were individually 
weighed to 4 decimal places on an analytical balance. Approximately 0.5g of the 
ground sample was added to the corresponding Ankom filter bag. To allow for any 
fibre naturally occurring in the Ankom filter bags, a blank filter bag was used in the 
procedure. This was the correction factor (C1). A standard was included in every 
run. The filter bags were heat sealed before analysis (Impulse Sealer TISH-200, 
TEW®). The bags were gently shaken to ensure that the sample was spread 
uniformly in the bag and to eliminate clumping of the sample before being placed in 
the Ankom200/220 Fibre Analyzer®. The Ankom200/220 Fibre Analyzer® was checked to 
ensure that the bag suspender was agitating properly before closing the lid. The 
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internal temperature of the vessel was monitored throughout the duration of each run 
to ensure the correct temperature was maintained.  
The samples were washed in 2000 mL (approx.) of neutral detergent solution (made 
to manufacturer’s guidelines) for 75 minutes. The samples were washed twice in 2 L 
(approx.) of hot water (85°C to 90°C) and 4 mL of alpha amylase. Samples were 
subsequently washed with a wash of hot water followed by a wash of cold water. 
Each filter bag was gently pressed to remove any excess water. The filter bags were 
immersed in acetone for 3-5 mins. The acetone was removed by lightly pressing the 
filter bags. The filter bags were spread out on a mesh tray in the fume hood until the 
remainder of the acetone had evaporated. Following this the filter bags were placed 
in a fan oven overnight at 105°C. The filter bags were then placed in a desiccator and 
weighted to four decimal places on an analytical balance. The percentage of NDF 
was calculated using the following equation:  
% NDF = (W3 – (W1 x C1)) x  100 
                            W2 
Where: W1 = Weight of filter bag  
W2 = Sample weight 
W3 = Bag weight after NDF extraction  
C1 = Blank bag correction factor 
Determination of ADF  
For the sequential analysis the filter bags containing samples analysed for NDF were 
used to determine ADF content. Once the filter bags had been weighed post NDF 
analysis the samples were placed in the Ankom200/220 Fibre Analyzer®. The samples 
were washed in 2000 mL (approx.) of ADF solution (made to manufacturer’s 
guidelines) for 60 minutes. Approximately 2 L of hot water (85°C to 90°C) was then 
added to the vessel and samples were agitated for 5 minutes. This wash step was 
repeated until the pH of the water was neutral. The bags were removed and gently 
pressed to remove the excess water. The filter bags were immersed in acetone for 3-5 
mins. The acetone was removed by lightly pressing the filter bags. The filter bags 
were spread out on a mesh tray in the fume hood until the remainder of the acetone 
had evaporated. Following this the filter bags were placed in a fan oven overnight at 
105°C. The filter bags were then placed in a desiccator and weighted to four decimal 
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places on an analytical balance. The percentage of ADF was calculated using the 
following equation:  
% ADF = (W4 – (W1 x C1)) x  100 
                            W3 
Where: W1 = Weight of filter bag  
W3 = Bag weight after NDF extraction 
W4 = Bag weight after ADF extraction  
C1 = Blank bag correction factor 
Determination of ADL  
Post-ADF analysis the samples were analysed for ADL. The filter bags were 
submerged in 72% H2SO4 for three hours and agitated every 30 minutes. The filter 
bags were then washed and agitated repeatedly in warm water. This wash step was 
repeated until the pH of the water was neutral. The filter bags were soaked in acetone 
for 3-5 minutes. The excess acetone was removed by pressing on the filter bags 
gently. The filter bags were spread out on a wire rack in the fume hood to allow the 
acetone to evaporate. Once all the acetone had evaporated, the filter bags were 
placed in a fan oven at 105°C overnight. The samples were placed into a desiccator 
to cool before being weighed to four decimal places. The percentage of ADL was 
calculated using the equation:  
% ADL = (W5 – (W1 x C1)) x  100 
                            W4 
Where: W1 = Weight of filter bag  
W4 = Bag weight after ADF extraction 
W5 = Bag weight after ADL extraction  
C1 = Blank bag correction factor 
 Determination of ash and organic matter (OM) content in 
forages 
The ground samples were incinerated in a muffle furnace (LT 5/11, Nabertherm 
GmbH®). Porcelain crucibles were weighed to four decimal places using an 
analytical balance. The crucibles were half filled with the sample and weighed on an 
analytical balance. Samples were placed on the steel tray and placed in the furnace. 
Samples were heated to 250°C for one hour and 600°C for two hours. The furnace 
was allowed to cool to less than 50°C before removal of the samples. Samples were 
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cooled in a desiccator before being weighed on an analytical balance. Ash and OM 
content were determined using the following equations:  
% Ash = (sample weight post-incineration) x 100 
                (sample weight pre-incineration) 
% Organic matter = 100 – % Ash 
 
 Determination of gross energy (GE) and estimated digestible 
energy (DE) 
GE was measured using a Parr 6200 Oxygen Bomb Calorimeter®. The equipment 
was standardised using benzoic acid. Benzoic acid has a known gross energy 
concentration of 26.454 MJ/kg. Approximately 0.4g of the sample was weighed into 
a fuel capsule (supplied by manufacturer) on an analytical balance. Fuel capsules 
were placed into the support loop of the bomb head and a wire fuse was attached. 
The bomb was closed and filled with oxygen. The bomb was carefully placed into 
the water in the calorimetry bucket and the ignition leads were attached.  
DE was measured using the following equation: 
4.22 - 0.11 X (%ADF) + 0.0322 X (%CP) + 0.00112 X (%ADF2) 
Source: NRC, 2007 
 Determination of pH in haylage samples 
Approximately 7g of the sample (as received) was weighed on a top pan balance. 
The sample was placed in a glass beaker with a stir bar and 200 mL (approx.) of 
dH2O. The beaker was placed on a magnetic stirrer combined with hot plate at a heat 
of 25°C (approx.) and a slow/ medium stir rate for approximately five minutes. The 
pH of the sample was then recorded using a calibrated Jenway® 3510 pH metre. 
 
3.3 Mycological analysis 
 Fungal analysis 
The forage samples were tested for fungal spores by culture on Sabouraud Dextrose 
agar. The agar plate was placed in the bag of forage and shaken vigorously. The agar 
plates were incubated aerobically at 25°C for 5 to 7 days. The plates were examined 
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macroscopically and microscopically for the presence of pathogenic fungi. The 
pathogenic fungi examined in this study have very specific colony morphology for 
each species, images of these are provided in Figure 2. Aspergillus fumigatus 
colonies were blue-green in colour (shown in Figure 2a). Aspergillus niger colonies 
were black with a white margin (shown in Figure 2c). Aspergillus flavus colonies 
were yellow to yellow-green in colour (shown in Figure 2e). Fusarium colonies were 
pink in colour (shown in Figure 2g). 
Microscopic examination was conducted by gently pressing a piece of sellotape on 
the fungal culture and subsequently pressing the tape onto a glass slide. Figure 2b, 
2d and 2f shows the microscopic morphology of the Aspergillus strains. Figure 2h 
shows the microscopic morphology of Fusarium.  
The fungal growth was characterised as light, moderate and heavy growth, this was 
based on the number of colony forming units (cfu), and this is detailed in Table 1.  
Table 1 Growth levels of fungi 
Level of Growth Number of cfu 
Light 1 – 6 typical colonies 
Moderate 7 – 12 typical colonies 

























3.4 Statistical analysis 
Data was collated using Microsoft Office Excel and statistically analysed using 
SPSS (version 22.0). All data was tested for normality. The majority of data was 
skewed therefore non parametric tests were used for all of the data. Non parametric 
tests compare the distributions between groups. Kruskal-Wallis and Mann-Whitney 
U (U) were conducted. A chi-square statistic was used for the Kruskal-Wallis test 
(H). Where Kruskal-Wallis tests had significant differences, Bonferroni adjusted 
Mann-Whitney U tests were used to determine differences between pairs of groups. 
Pearson’s Chi-square was used to analyse categorical data. Spearman’s correlation 
was used to determine correlations between nutrient parameters.  
Results are presented as medians and inter-quartile ranges (IQR). IQR is a measure 
of variability and represents the middle 50% of the data. Differences were deemed 
statistically significant where P<0.05 and highly significant when P<0.001. Graphs 





4.1 Distribution of forage samples 
 Forage samples submitted 
A total of 468 samples were submitted for nutritional and fungal analysis. Forage 
samples analysed were produced during the harvesting period extending from 2009 
to 2014. Seventy percent of the samples submitted were hay samples and thirty 
percent were haylage samples. The number of samples analysed for each year of 
production differed; 2009 n=24, 2010 n=62, 2011 n=80, 2012 n=69, 2013 n=148 and 
2014 n=59. Information on the year of production was not available for some 
samples (n=26), however these samples were used for comparisons of forages by 
geographical location.  
 Geographical distribution of forage samples analysed  
Samples were received for analysis from three countries of production: Ireland, UK 
and Canada. Irish grown forages accounted for 73% (n=341) of the samples received 
for analysis, 18% were forages produced in the UK (n=86) and 9% were forages 
produced in Canada (n=41).  
Samples produced in Ireland were segregated by region of production (Leinster 
n=176, Munster n=117, Ulster n=20, Connaught n=6) and county (20 of the 32 
counties were represented). Region of production was unknown for 22 samples. The 
majority of Irish forages analysed for this study were produced in Leinster (51%) 
and Munster (34%). Hay and haylage samples received for analysis were most 
frequently produced in Kildare (n=76), Tipperary (n=65) and Wexford (n=41).  
 
4.2 Effect of country of production on nutritional parameters 
Results are presented as medians and interquartile ranges (IQR). IQR is a measure of 




Moisture and dry matter (DM) 
The variation in moisture and DM content of hay by country of production is 
illustrated in Figure 3(a) and Figure 3(b) respectively. Country of production had a 
significant effect on the moisture content of hay: Ireland 13.6% (10.9%, 16.4%), UK 
12.3% (10.6%, 14.4%) and Canada 10.0 (9.0%, 11.2%), H(2)=36.53 P<0.001. Hay 
produced in Ireland and the UK showed a greater range in moisture content 
compared to hay produced in Canada (P<0.001).  
Canadian hay had the most consistent moisture content with the smallest IQR. The 
IQR represents the middle 50% of the population, meaning that 50% of Canadian 
hay samples were contained within a moisture range of less than 2.5%. The largest 
range in moisture content was observed in hay produced in Ireland: 3.1 – 30.4%. 
Despite this, the IQR of Irish hay, only varied by 5.5%, therefore 50% of Irish hay 
samples had a moisture content between 10.9 and 16.4%.  
DM content was significantly affected by country of production for hay samples: 
Ireland 86.4% (83.6%, 89.1%), UK 87.8% (85.6%, 89.4%), Canada 90.0% (88.9%, 
91.0%), H(2)=36.54, P<0.001. Hay produced in Ireland and the UK showed a 
greater range in DM content compared to hay produced in Canada (P<0.001). 














Moisture content was categorised into three groups; low, moderate and high. 
Samples in the low moisture group had less than 10% moisture, the moderate group 
contained between 10 and 15% moisture and the high group contained greater than 
15% moisture.  
Figure 4(a) and (b) illustrates that the majority of Irish (48%) and UK (72%) hay 
samples were categorised as having a moderate moisture content. Thirty-five percent 
of the Irish hay samples were categorised as having a high moisture content 
compared to 15% of UK hay samples. All Canadian hay contained below 15% 
moisture, and there was nearly an equal split of Canadian hay within the low (46%) 
and moderate (54%) moisture groups (shown in Figure 4(c)). There was a significant 
difference between the distribution of hay samples within each moisture group for 










Ash and organic matter (OM) 
The variation of ash content and OM content in hay by country of production is 
illustrated in Figure 5(a) and 5(b). The ash content was not significantly affected by 
the country of production: Ireland 5.63% (5.0%, 6.7%), UK 5.6% (4.4%, 6.5%), 
Canada 6.0% (5.1%, 8.0%). The OM content was also not significantly affected by 
country of production: Ireland 94.3% (93.3%, 95.0%), UK 94.4% (93.5%, 95.6%), 
Canada 94.0% (92.0%, 94.9%). The ranges of ash content were similar for hay 
produced in different countries: Ireland 3.0 – 12.9%, UK 3.4 – 10.2% and Canada 














The variation of crude protein content in hay by country of production is illustrated 
in Figure 6. Crude protein content in hay was significantly affected by country of 
production: Ireland 7.4% (6%, 8.8%), UK 5.3% (4.2%, 7.5%) and Canada 9.6% 
(7.8%, 10.9%), H(2)=47.02, P<0.001. The crude protein content of hay produced in 
Canada was significantly higher than hay produced in Ireland and the UK (P<0.001). 
The crude protein content in UK produced hay was significantly lower than Irish and 
Canadian hay (P<0.001).  
There was very little difference between the smallest and largest range of crude 
protein observed in Irish produced hay (3.7 – 15.2%) and UK produced hay (2.4 – 
15.9%) respectively. Similarly, there were minimal differences in the IQR for the 
different countries of production. However, the IQR for UK hay had no similarity to 
the IQR for Canadian hay. 
When nutrient parameters across all hay types was analysed crude protein was 
correlated with ash (r=0.472, P<0.001), NDF (r=0.193, P<0.001), GE (r=0.199, 
P<0.01) and DE (r=0.418, P<0.001). 
 
 
Figure 6 Variation in the crude protein content of hay by country of production  
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Crude protein was categorised into three groups; low, moderate and high. The low 
crude protein group was categorised as less than 8%, the moderate group contained 
between 8 and 12% and the high group contained greater than 12% crude protein.   
Figure 7(a) and 7(b) illustrates that the majority of Irish hay (62%) and UK hay 
(78%) were categorised as having a low level of crude protein. In comparison, only 
25% of Canadian hay samples were categorised as having a low crude protein 
content (Figure 7(c)). Of the Canadian hay, 19% of samples were categorised within 
the high group in contrast to Irish and UK hay which only recorded 5% and 2% of 
samples respectively within the high group. There was a significant difference in the 




Figure 7 Distribution of samples within crude protein categories by country of 
production 
 
The correlation between crude protein and different nutrient parameters in hay was 
conducted (details provided in Table 2). Crude protein had a modest relationship 
between ash and DE. There was also a weak relationship of crude protein to GE and 
a very weak relationship to NDF. 
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Table 2 Correlations between crude protein and nutrient parameters in hay 
Nutrient parameter Significance level 
Spearmans correlation 
value (r) 
Ash P=0.001 0.472 
NDF P=0.001 0.193 
GE P<0.01 0.199 
DE P<0.001 0.418 
 
NDF and ADF 
The variation observed in NDF content of hay by country of production is illustrated 
in Figure 8(a). The country of production had a significant effect on the NDF content 
of the hay produced: Ireland 60.9% (56.5%, 63.7%), UK 55.3% (51.2%, 60.6%), 
Canada 62.7% (58.8%, 65.2%), H(2)=27.83, P<0.001. The NDF content of UK hay 
was significantly lower than the NDF content of Irish and Canadian hay (P<0.001). 
There was no significant difference between the NDF content of Irish and Canadian 
produced hay.  
The largest range in NDF content was recorded in Irish hay: 36.3 – 77.8%. 
Canadian-produced hay recorded the smallest range of NDF: 45.5% - 68.8%. The 
largest IQR was recorded in UK-produced hay. The IQR for Irish and Canadian hay 
were similar.  
Figure 8(b) presents the variation observed in ADF content of hay by country of 
production. ADF content in hay was significantly affected by country of production: 
Ireland 32.6% (22.9%, 45.6%), UK 31.40% (24.6%, 41.8%) and Canada 35.7% 
(29.4%, 37.4%), H(2)=6.22, P<0.05.  
The range of ADF was similar for each country and there was very little difference 
between the largest range (Ireland 22.9 – 45.6%) and the smallest range (UK 24.6 – 
41.8%). Similarly, the IQR did not differ much between the largest (Canada 29.4 – 













NDF and ADF were categorised into three groups; low, moderate and high. NDF 
was categorised as follows; low was less than 40%, moderate was between 40 and 
65% and high was greater than 65%. ADF was categorised as low was less than 
30%, moderate was between 30 and 40% and high was greater than 40%. 
The majority of forages from each country were categorised within the moderate 
NDF group: Irish hay 85%, UK hay 91%, Canadian hay 68% (shown in Figure 9). 
There was a significant difference between the distribution of samples within NDF 
groups by country of production, χ2(4)=13.05, P<0.05.  
  
 
Figure 9 Distribution of samples within NDF and ADF categories by country of 
production 
The distribution of samples within the ADF groups by country of production was 
similar (details provided in Table 3). The majority of samples for each hay type were 
categorised within the moderate group. There was no significant difference in the 
distribution of hay samples within ADF groups by country of production  







Irish hay 30% 67% 3% 
UK hay 35% 61% 4% 




The variation observed in ADL content of hay produced in different countries is 
illustrated in Figure 10. There was no significant effect of country of production on 
the ADL content of hay: Ireland 3.99% (3.3%, 5.1%), UK 3.83% (3.2%, 4.7%), 









Gross energy (GE) and estimated digestible energy (DE) 
Figure 11(a) illustrates the variation observed in GE content of hay produced in 
different countries. The GE content of hay was a significantly affected by country of 
production: Ireland 17.04 MJ/kg (16.3 MJ/kg, 17.6 MJ/kg), UK 16.51 MJ/kg (16.3 
MJ/kg, 16.9 MJ/kg) and Canada 17.44 MJ/kg (16.8 MJ/kg, 18.2 MJ/kg), 
H(2)=26.32, P<0.001. UK-produced hay contained a significantly smaller range of 
GE compared to Irish and Canadian hay (P<0.001). The range of GE content in Irish 
hay was significantly greater than that of Canadian hay (P<0.05). The largest range 
of GE content was recorded in Irish produced hay (14.7 – 22.3 MJ/kg). This range 
also contained the highest and lowest GE values recorded in hay samples. The 
smallest range of GE was recorded in hay produced in the UK: 15.2 – 19.8 MJ/kg.  
Figure 11(b) illustrates the variation observed in DE content of hay by country of 
production. There was no significant effect of country of production on the DE 
content of hay: Ireland 8.69 MJ/kg (8.2 MJ/kg, 9.3 MJ/kg), UK 8.58 MJ/kg (8.2 
MJ/kg, 9.2 MJ/kg) and Canada 8.73 MJ/kg (8.3 MJ/kg, 9.2 MJ/kg). The IQR was 
also similar for hay from all countries of production. The range of DE content was 
similar for Irish (7.3 – 11.1 MJ/kg) and Canadian (7.1 – 10.9 MJ/kg) produced hay. 
UK-produced hay also contained a similar but smaller range in DE content (7.6 – 












Digestible energy content was categorised into three levels; low, moderate and high. 
Samples were categorised as follows: low contained less than 8 MJ/kg, moderate 
represented samples containing between 8 and 10 MJ/kg and high containing greater 
than 10 MJ/kg. The distributions of samples within the DE groups are provided in 
Table 4. There was no significant difference in the distribution of hay samples in the 
DE groups by country of production. The majority of samples were within the 
moderate category for all three hay types.  
 
Table 4 Distribution of hay samples within the DE categories 
 Low  




(> 10 MJ/kg) 
Irish hay 14% 80% 6% 
UK hay 18% 79% 3% 





Table 5 summarises the distribution of the nutritional content of hay by the country 
of production and provides the median, IQR and Kruskal-Wallis test value. Further 
information detailing the significant differences in the distributions of nutritional 
content by country of production is provided in Appendix 2. 










Median 13.62 12.25 10.00 
P<0.001 
IQR 10.90 – 16.40 10.63 – 14.38 9.00 – 11.15 
DM (%) 
Median 86.43 87.75 90.00 
P<0.001 
IQR 83.60 – 89.10 85.62 – 89.37 88.85 – 91.00 
Ash (%) 
Median 5.63 5.58 6.03 
P=0.114 
IQR 5.02 – 6.70 4.44 – 6.51 5.11 – 8.00 
OM (%) 
Median 94.34 94.43 93.97 
P=0.115 
IQR 93.27 – 94.97 93.49 – 95.56 92.00 – 94.89 
Protein (%) 
Median 7.37 5.26 9.55 
P<0.001 
IQR 5.95 – 8.75 4.19 – 7.51 7.81 – 10.86 
NDF (%) 
Median 60.85 55.25 62.70 
P<0.001 
IQR 56.49 – 63.65 51.19 – 60.59 58.79 – 65.23 
ADF (%) 
Median 32.60 31.40 35.70 
P=0.045 
IQR 29.60 – 35.40 28.94 – 35.89 29.40 – 37.41 
ADL (%) 
Median 3.99 3.83 4.92 
P=0.055 
IQR 3.29 – 5.06 3.17 – 4.70 3.90 – 5.87 
GE (MJ/kg) 
Median 17.04 16.51 17.44 
P<0.001 
IQR 16.31 – 17.56 16.26 – 16.92 16.82 – 18.24 
DE (MJ/kg) 
Median 8.69 8.58 8.73 
P=0.532 






Moisture and DM  
The moisture content of haylage was significantly affected by country of production: 
Ireland 32.7% (25.4%, 42.7%), UK 26.0% (22.6%, 29.5%) (U=796, P<0.05). Figure 
12 illustrates the variation of moisture (Figure 12(a)) and DM content (Figure 12(b)) 
in haylage by country of production. The range of moisture content of Irish haylage 
was significantly larger than the moisture content of UK produced haylage. Haylage 
produced in Ireland recorded the largest range (11.5 – 83.5%) and IQR, in 
comparison to UK haylage (range: 14.7 – 42.4%).  
The DM content was also significantly impacted by the country the haylage was 
produced in: Ireland 67.3% (57.3%, 74.6%), UK 74.0% (57.6%, 85.3%) (U=1,868, 
P<0.05). Haylage produced in the UK had a significantly smaller range of DM 
content compared to haylage produced in Ireland. Similar to moisture content, the 
largest range (16.5 – 88.5%) and IQR in DM content was recorded in Irish haylage. 









Figure 12 Variation in the moisture content (a) and DM content (b) of haylage by 




Moisture was categorised into three levels for haylage samples; low, moderate and 
high. The categorisation was as follows: low was less than 20%, moderate was 
between 20 and 50% and high was greater than 50%. The majority of haylage 
samples for both countries of production were categorised within the moderate group 
for moisture content: Irish haylage 75%, UK haylage 88% (details are provided in 
Table 6). There was no significant difference in the distribution of haylage samples 
between the moisture groups by country of production. 







Irish haylage 12% 75% 13% 
UK haylage 12% 88% n/a 
 
Ash and OM 
There was no significant effect of country of production on ash content in haylage: 
Ireland 5.7% (4.7%, 6.7%), UK 5.6% (5.2%, 6.7%). Figure 13 illustrates the 
variation in ash content (Figure 13(a)) and OM (Figure 13(b)) by country of 
production for haylage. The larger range (3.1 – 11.4%) and IQR of ash content was 
in Irish haylage. The ash content in UK produced haylage was similar with a range 
of 3.8 – 8.8% and IQR. 
There was no significant effect of country of production on the OM content 
produced in the haylage: Ireland 94.3% (93.4%, 95.3%), UK 94.4% (93.3%, 94.8%). 
Similar to ash content the range (88.6 – 96.9%) and IQR of OM were largest in Irish 
produced haylage. UK produced haylage produced a small OM range of 91.2 – 








Figure 13 Variation in ash (a) and OM (b) content of haylage by country of 




The variation in crude protein content in haylage by country of production is 
presented in Figure 14. Country of production did not have a significant effect on the 
crude protein content produced: Ireland 7.8% (6.1%, 10.2%) and UK 7.2% (6.2%, 
8.4%). The range (3.4 – 18.0%) and IQR of crude protein were largest in Irish 
produced haylage. The range in crude protein content in UK produced haylage was 
3.7 to 13.1%. 
 
Figure 14 Variation of crude protein in haylage by country of production 
 
Crude protein was categorised into three levels; low, moderate and high. The 
categories were as follows; low was less than 8%, moderate was between 8 and 12% 
and high was greater than 12%. The distribution of haylage samples within these 
categories is provided in Table 7. The distribution of haylage samples within the 
crude protein categories was not significantly affected by country of production. 







Irish haylage 51% 40% 9% 
UK haylage 71% 21% 8% 
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The correlation between crude protein in haylage and different nutrient parameters 
was conducted (details provided in Table 8).  There was a weak relationship between 
crude protein and DE in haylage.  
Table 8 Correlations between crude protein and DE in haylage 
Nutrient parameter Significance level 
Spearmans correlation 
value (r) 
DE P<0.001 0.322 
 
NDF and ADF 
The variation of NDF content in haylage by country of production is illustrated in 
Figure 15(a). Country of production did not have a significant effect on the NDF 
content in haylage: Ireland 57.5% (51.3%, 61.5%), UK 59.6% (51.8%, 64.8%). The 
range of NDF content was larger in Irish haylage (30.0 – 68.1%) in comparison to 
UK haylage (41.5 – 74.7%). However, excluding outliers would yield a smaller 
range of NDF in Irish haylage. The NDF IQR was similar but the IQR for UK 
haylage was larger than Irish haylage.  
The variation of ADF content in haylage by country of production is illustrated in 
Figure 15(b). Country of production did not have a significant effect on the ADF 
content in haylage: Ireland 32.5% (27.5%, 35.4%), UK 32.5% (26.3%, 36.1%). The 
range of ADF content was larger in Irish haylage (18.2 – 46.3%) in comparison to 
UK haylage (18.6 – 41.9%). There was a similar IQR for ADF in UK haylage and 












NDF and ADF were categorised into three levels; low, moderate and high. NDF was 
categorised as follows; low was less than 40%, moderate was between 40 and 65% 
and high was greater than 65%. ADF categories were as follows; low was less than 
30%, moderate was between 30 and 40% and high was greater than 40%.  
Table 9 provides details of the distribution of haylage samples within the NDF 
categories. There was no significant difference in the distribution of haylage samples 
within the NDF groups by country of production. The majority of Irish haylage 
(87%) and UK haylage (80%) were categorised as having a moderate level of NDF.  
In terms of ADF content, a similar proportion of samples were within each category 
for both countries, as detailed in Table 10. The majority of Irish haylage (57%) and 
UK haylage (52%) was categorised as having a moderate ADF content. There was 
no significant difference in the distribution of haylage samples within the NDF 
groups by country of production. 







Irish haylage 2% 87% 11% 
UK haylage n/a 80% 20% 
 
 







Irish haylage 38% 57% 5% 






The variation of ADL content in haylage by country of production is illustrated in 
Figure 16. Country of production did not have a significant effect on the ADL 
content in haylage: Ireland 4.1% (3.0%, 5.3%) and UK 4.8% (4.0%, 6.2%). Similar 
IQR were recorded for haylage from both countries, however the IQR of Irish 
haylage was marginally smaller than UK haylage. 
 
Figure 16 Variation in the ADL content of haylage by country of production 
 
Gross energy (GE) and estimated digestible energy (DE) 
The variation of GE in haylage by country of production is illustrated in Figure 
17(a). The gross energy content of haylage was not significantly affected by the 
country of production: Ireland 17.2 MJ/kg (16.7 MJ/kg, 17.7 MJ/kg), UK 17.0 
MJ/kg (16.6 MJ/kg, 18.0 MJ/kg). There were similar ranges of GE observed in Irish 
haylage and UK haylage with a slightly larger range in Irish haylage (Ireland 15.5 – 
21.2 MJ/kg, UK 15.8 – 20.1 MJ/kg).  
The variation of DE in haylage by country of production is illustrated in Figure 
17(b). The country of production did not have a significant effect on the estimated 
DE content of haylage: Ireland 8.8 MJ/kg (8.4 MJ/kg, 9.5 MJ/kg), UK 8.6 MJ/kg 
(8.2 MJ/kg, 9.7 MJ/kg). There were similar ranges recorded in DE, however the 
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larger range was recorded in Irish haylage (7.3 – 12.9 MJ/kg) compared to UK 










Digestible energy content was categorised into three levels; low, moderate and high. 
Samples were categorised as follows; low contained less than 8 MJ/kg, moderate 
represented samples containing between 8 and 10 MJ/kg and high containing greater 
than 10 MJ/kg.  
The distribution of haylage samples was similar for Irish and UK produced haylage. 
The distribution of the haylage samples within the DE categories is provided in 
Table 11. There was no significant difference in the distribution of haylage samples 
within the DE groups by country of production. The majority of Irish (68%) and UK 
(60%) produced haylage samples were categorised as having a moderate level of DE. 
Table 11 Distribution of haylage samples within the DE categories 
 Low 




(> 10 MJ/kg) 
Irish Haylage 14% 68% 18% 
UK Haylage 20% 60% 20% 
 
pH 
The variation in pH of haylage produced in different countries is shown in Figure 18. 
There was no significant effect of country of production on the pH of haylage: 
Ireland 5.8 (5.6, 6.1), UK 5.9 (5.7, 6.0). However, greater variation was observed in 
the pH values of Irish produced haylage. The pH of Irish haylage ranged from 3.8 – 




Figure 18 Variation in the pH of haylage by country of production 
 
The pH in haylage was categorised into five groups varying from a pH of 3 to 7. A 
pH of 5 was the most common category of pH observed in haylage samples (shown 
in Figure 19). The most common pH was pH 5 as over half of Irish haylage (56.3%) 
and UK haylage (64%) was categorised as having pH 5. There was less variation 
observed in the pH of UK haylage in comparison to Irish haylage.  
  




Table 12 summarises the distribution in the nutritional content of haylage by country 
of production and provides the median, IQR and Mann-Whitney U test value.  
Table 12 Summary of the nutritional values of haylage by country of production 
Nutritional 
Parameter 






Median  32.70  26.01  
P=0.002 
IQR 25.44 – 42.67 22.57 – 29.46 
DM (%) 
Median  67.30  73.99  
P=0.002 
IQR 57.34 – 74.57 70.54 – 77.43 
Ash (%) 
Median  5.71  5.62  
P=0.775 
IQR 4.71 – 6.70 5.17 – 6.68 
OM (%) 
Median  94.29  94.39 
P=0.728 
IQR 93.37 – 95.29 93.32 – 94.83 
Protein (%) 
Median  7.84  7.24  
P=0.270 
IQR 6.12 – 10.20 6.17 – 8.38 
NDF (%) 
Median  57.54  59.63  
P=0.284 
IQR 51.31 – 61.46 51.81 – 64.76 
ADF (%) 
Median 32.54  32.45  
P=0.914 
IQR 27.51 – 35.39 26.26 – 36.07 
ADL (%) 
Median  4.11  4.79  
P=0.093 
IQR 3.04 – 5.25 4.03 – 6.17 
GE (MJ/kg) 
Median  17.22  17.02  
P=0.679 
IQR 16.67 – 17.71 16.56 – 17.96 
DE (MJ/kg) 
Median  8.81  8.57  
P=0.355 
IQR 8.35 – 9.49 8.19 – 9.72 
pH 
Median  5.84  5.90  
P=0.320 




4.3 Effect of year of production on nutritional parameters in Irish 
forage 
Results are presented as medians with standard deviations and interquartile ranges 
(IQR). IQR is a measure of variability within the data as it represents the middle 
50% of the population. 
 Irish hay 
Hay samples were submitted for analysis representing years of production from 2009 
to 2014.  
Moisture and DM 
The variation in the moisture content and DM content of Irish hay produced from 
2009 to 2014 is presented in Figure 20(a) and (b). Significant differences occurred in 
the moisture content of Irish hay produced in various years: 2009 12.4% (9.3%, 
13.3%), 2010 13.8% (11.3%, 16.3%), 2011 16.7% (14.1%, 17.6%), 2012 15.1% 
(13.7%, 19.2%), 2013 11.5% (10.1%, 14.1%), 2014 11.3% (8.4%, 15.2%), 
H(5)=48.32, P<0.001. The moisture content of hay produced in 2011 and 2012 was 
significantly different to hay produced in 2009 (P<0.05), 2013 and 2014 (P<0.001). 
The largest range in moisture content was recorded in hay produced in 2013, where 
the moisture content ranged from 7.08 – 28.38%. However, the IQR, which 
represents 50% of the population, in 2012, ranged from 13.69 to 19.15% moisture. 
This would suggest that the moisture content of hay in 2012 was not ideal in terms of 
limiting the risk for mould growth. Several outliers were recorded throughout the 
years with the highest outlier for moisture content recorded in 2012 at 30.4%. 
The DM content of Irish hay was significantly affected by the year of production, the 
significant differences recorded mirrored the differences observed in moisture 
content: 2009 87.6% (86.7%, 90.7%), 2010 86.2% (84.0%, 88.7%), 2011 83.3% 
(82.4%, 85.9%), 2012 84.93% (80.9%, 86.3%), 2013 88.5% (85.9%, 89.9%), 2014 
88.7% (84.8%, 91.6%), H(5)=48.32, P<0.001. Hay produced in 2013 recorded the 








Figure 20 Variation in moisture (a) and DM (b) content in Irish hay by year of 




Moisture content was categorised into three groups; low, moderate and high. 
Samples in the low moisture group had less than 10% moisture, the moderate group 
contained between 10 and 15% moisture and the high group contained greater than 
15% moisture.  
The distribution of Irish hay samples by year of production within each moisture 
group is presented in Figure 21. There were no apparent trends in this distribution. 
However, the distribution of samples within the moisture categories throughout the 
years analysed was significantly different, χ2(10)=51.68, P<0.001. Figure 21 
highlights that there were regularly a large proportion of Irish hay samples that were 
categorised as having a high moisture content, as in 2010, 2011 and 2012 there were 
40%, 70% and 50% of samples respectively categorised as having a high moisture 
content. In terms of limiting the risk of mould growth within the hay, this would 
leave these samples at a higher risk to mould growth.  
 
 















2009 2010 2011 2012 2013 2014
%
Low (<10%) Moderate (10-15%) High (>15%)
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Ash and OM 
The variation in ash content and OM in Irish hay produced from 2009 to 2014 is 
illustrated in Figure 22(a) and (b). There were significant differences in the ash 
content of Irish hay produced in the period studied: 2009 7.3% (6.8%, 8.3%), 2010 
5.8% (5.3%, 6.6%), 2011 4.8% (4.2%, 5.1%), 2012 6.0% (5.2%, 6.7%), 2013 5.5% 
(5.0%, 6.3%), 2014 6.1% (5.2%, 7.4%), H(5)=25.41, P<0.001. The ash content of 
Irish hay produced in 2011 was significantly lower compared to all other years of 
production (P<0.05 – P<0.001). It was regularly observed that there was no overlap 
of IQR data, meaning that in some years 50% of the hay samples of that year 
contained a different range of ash content to the following year: 2009 6.79 – 8.25%, 
2010 5.26 – 6.60%, 2011 4.2 – 5.1%, 2012 5.18 – 6.73%. 
The OM content of Irish hay was significantly impacted by the year of production: 
2009 92.6% (90.9%, 92.9%), 2010 94.2% (93.4%, 94.7%), 2011 95.2% (94.9%, 
95.8%), 2012 93.9% (93.3%, 94.8%), 2013 94.5% (93.7%, 95.0%), 2014 93.9% 
(92.7%, 94.8%) H(5)=31.13, P<0.001. Irish hay produced in 2009 contained a 
significantly higher OM content than the Irish hay produced in 2011 (P<0.001) and 
2013 (P<0.01). The OM content of Irish hay produced in 2011 was significantly 








Figure 22 Variation in ash (a) and OM (b) content in Irish hay by year of 




The variation in the crude protein content of Irish hay by year of production is 
illustrated in Figure 23. There was no significant difference in the crude protein 
content throughout the years studied: 2009 7.8% (6.3%, 8.4%), 2010 7.1% (6.1%, 
8.4%), 2011 6.2% (5.4%, 7.0%), 2012 7.2% (6.1%, 9.0%), 2013 7.5% (6.1%, 8.8%), 
2014 8.4% (5.9%, 9.5%). Irish hay produced in 2011 recorded the lowest median 
crude protein content and the smallest IQR: 5.4 – 7.0%. However, this was not 
statistically significant to any other year. There were large ranges in the crude 
protein content but in general the ranges and IQR were similar (ranges: 2009 5.25 – 
11.21%, 2010 3.70 – 14.53%, 2011 4.52 – 15.04%, 2012 4.68 – 15.19%, 2013 3.68 – 
13.37%, 2014 4.30 – 13.14%). Several outliers were recorded, these samples 
contained 14.5 – 15.2% crude protein. 
 
 
Figure 23 Variation in crude protein content in Irish hay by year of production from 




Crude protein was categorised into three groups; low, moderate and high. The low 
crude protein group was categorised as less than 8%, the moderate group contained 
between 8 and 12% and the high group contained greater than 12% crude protein.  
The distribution of Irish hay samples by year of production within the crude protein 
groups is presented in Figure 24. There was no significant effect of year of 
production on the distribution of the samples within the groups. However, there is a 
clear trend that a large proportion of hay samples each year are categorised as having 
low crude protein content. From 2009 to 2013 60% and above of samples are within 
the low category for crude protein. From 2012 to 2014 there appears to be an 
increase in the proportion of samples within the moderate crude protein category and 
a decrease in the proportion of samples in the low crude protein category. 
 
 















2009 2010 2011 2012 2013 2014
%
Low (<8%) Moderate (8-12%) High (>12%)
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NDF and ADF  
The variation in NDF content in Irish hay by year of production is presented in 
Figure 25(a). There were significant differences in the NDF content of Irish hay 
produced in different years: 2009 57.0% (56.3%, 59.6%), 2010 59.1% (55.4%, 
61.1%), 2011 57.6% (56.2%, 62.1%), 2012 63.9% (61.9%, 66.1%), 2013 61.6% 
(57.8%, 64.1%), 2014 55.0% (50.8%, 61.3%), H(5)=40.56, P<0.001. The NDF 
content of hay produced in 2012 was significantly greater than hay produced in 2009 
(P<0.05), 2010 (P<0.001), 2011 (P<0.01), and 2014 (P<0.001), as well as a 
significant difference between hay produced in 2014 in comparison to 2013 
(P<0.001). In 2012, the lowest NDF content was recorded in a sample of 36.3%. 
This is nearly 50% less than the median value observed for Irish hay produced in 
2012: 63.9%.  
Figure 25(b) shows the variation in the ADF content of Irish hay by year of 
production. There were significant differences in the ADF content of Irish hay 
produced in different years: 2009 34.4% (33.7%, 35.5%), 2010 32.9% (30.9%, 
35.5%), 2011 33.3% (31.3%, 35.8%), 2012 35.4% (32.2%, 37.4%), 2013 31.1% 
(29.1%, 32.8%), 2014 29.9% (27.4%, 34.1%), H(5)=31.66, P<0.001. The ADF 
content of hay produced in 2012 was significantly greater than hay produced in 2013 
(P<0.001) and 2014 (P<0.01). The largest range of ADF was recorded in 2012: 23.8 








Figure 25 Variation in NDF (a) and ADF (b) content in Irish hay by year of 




NDF and ADF were categorised into three groups; low, moderate and high. NDF 
was categorised as follows; low was less than 40%, moderate was between 40 and 
65% and high was greater than 65%. ADF was categorised as low was less than 
30%, moderate was between 30 and 40% and high was greater than 40%.  
There was a significant effect of year of production on the distribution of samples 
within the NDF groups, χ2(10)=23.61, P<0.01. The majority of the Irish hay samples 
for all years of production (>60%) were categorised as having a moderate level of 
NDF (Figure 26(a)).  
Similar to NDF, there was a significant effect of year of production on the 
distribution of samples within the ADF groups, χ2(10)=40.32, P<0.001. The 
distribution of Irish hay within the ADF groups seems to be changing throughout the 
years analysed (Figure 26(b)). There is a decrease in the percentage of samples 
within the moderate group with an increase seen in the samples that are categorised 










The variation observed in the ADL content of hay produced in Ireland in the period 
studied is illustrated in Figure 27. There were significant differences in the ADL 
content of Irish hay produced in the years studied: 2009 5.0% (4.1%, 5.9%), 2010 
4.2% (3.5%, 5.0%), 2011 4.9% (4.0%, 5.1%), 2012 5.2% (4.3%, 6.3%), 2013 3.5% 
(2.8%, 3.9%), H(4)=41.90, P<0.001. The ADL content of hay produced in 2013 was 
significantly lower than all other years of production (P<0.05 – P<0.001).  
Variation was observed between the ranges of ADL and year of production. For 
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smaller range in 2010 of 1.9 to 6.2%. The IQR observed for each year of production 
differed, in some years there was no overlap of the IQR. This means that 50% of the 
samples for each year contained a different range of ADL to subsequent years. For 
example, the IQR for hay produced in 2010 was 4.3 to 6.3% but in 2013 the IQR 
was 2.8% to 3.9%.  
 
Figure 27 Variation in ADL content in Irish hay by year of production from 2009 to 
2014 
 
Gross energy (GE) and estimated digestible energy (DE) 
There was a significant difference in the GE content in the Irish produced hays: 2009 
16.0 MJ/kg (15.9 MJ/kg, 16.1 MJ/kg), 2010 16.7 MJ/kg (16.1 MJ/kg, 17.7 MJ/kg), 
2011 16.8 MJ/kg (16.5 MJ/kg, 17.1 MJ/kg), 2012 16.6 MJ/kg (15.8 MJ/kg, 17.2 
MJ/kg), 2013 17.4 MJ/kg (17.0 MJ/kg, 17.9 MJ/kg), H(4)=43.52, P<0.001. The GE 
content of the hay produced in Ireland in 2013 was significantly higher than in any 
other year analysed in this study (P<0.05 – P<0.001). The GE ranges varied by year 
of production (shown in Figure 28(a)). Larger ranges were observed in 2010, 2012 
and 2013 (15.1 – 22.3 MJ/kg) compared to 2009 and 2011 (16.2 – 18.2 MJ/kg). The 
highest GE measurement was an outlier was recorded in 2013 at 22.3 MJ/kg. 
There was a significant difference in the estimated DE content in Irish hay by year of 
production (shown in Figure 28(b)): 2009 8.2 MJ/kg (8.1 MJ/kg, 8.6 MJ/kg), 2010 
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8.6 MJ/kg (8.3 MJ/kg, 8.8 MJ/kg), 2011 8.4 MJ/kg (8.0 MJ/kg, 9.0 MJ/kg), 2012 8.3 
MJ/kg (8.0 MJ/kg, 8.9 MJ/kg), 2013 9.1 MJ/kg (8.5 MJ/kg, 9.4 MJ/kg), 2014 9.1 
MJ/kg (84 MJ/kg, 9.8 MJ/kg), H(5)=29.09, P<0.001. The hay produced in 2013 and 
2014 was significantly higher in estimated DE compared to hay produced in 2011 
(P<0.05) and 2012 (P<0.01). The largest range in estimated DE was recorded in 





Figure 28 Variation in the GE (a) and estimated DE (b) content in Irish hay by year 




Digestible energy content was categorised into three levels; low, moderate and high. 
Samples were categorised as follows; low contained less than 8 MJ/kg, moderate 
represented samples containing between 8 and 10 MJ/kg and high containing greater 
than 10 MJ/kg.  
Year of production had a significant effect on the distribution of samples within the 
DE groups, χ2(10)=39.94, P<0.001. Greater than 65% of samples every year were 
categorised in the moderate DE group. The moderate level of DE is the most 
common level of DE observed in Irish hay (shown in Figure 29).  
 
 
Figure 29 Distribution of samples within DE categories by year of production 
 
The nutritional content of Irish hay by year of production is summarised in Table 13. 
The results are provided as medians, IQR and Kruskal-Wallis test value. Further 
information detailing the significant differences in the distributions of nutritional 
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Table 13 Summary of the annual variation and distribution of nutritional content in Irish hay produced in the years 2009 to 2014 
Nutritional 
Parameter 






Median 12.45 13.80 16.69 15.08 11.49 11.30 
P<0.001 
IQR 9.29 – 13.29 11.32 – 16.31 14.06 – 17.61 13.69 – 19.15 10.13 – 14.11 8.40 – 15.20 
DM (%) 
Median 87.55 86.20 83.31 84.92 88.51 88.70 
P<0.001 
IQR 86.71 – 90.72 83.96 – 88.68 82.39 – 85.94 80.85 – 86.31 85.90 – 89.88 84.80 – 91.60 
Ash (%) 
Median 7.29 5.84 4.78 6.04 5.54 6.10 
P<0.001 
IQR 6.79 – 8.25 5.26 – 6.60 4.16 – 5.13 5.18 – 6.73 4.97 – 6.34 5.17 – 7.35 
OM (%) 
Median 92.62 94.16 95.22 93.93 94.47 93.90 
P<0.001 
IQR 90.94 – 92.86 93.40 – 94.74 94.87 – 95.84 93.27 – 94.82 93.67 – 95.04 92.65 – 94.84 
Protein (%) 
Median 7.75  7.05  6.19  7.22  7.50  8.40  
P=0.106 
IQR 6.28 – 8.40 6.10 – 8.40 5.38 – 6.96 6.11 – 9.01 6.10 – 8.75 5.85 – 9.50 
NDF (%) 
Median 56.98 59.11 57.60 63.89 61.56 54.99 
P<0.001 
IQR 56.32 – 59.58 55.44 – 61.13 56.21 – 62.09 61.92 – 66.11 57.77 – 64.06 50.84 – 61.25 
ADF (%) 
Median 34.35 32.86 33.28 35.35 31.08 29.89 
P<0.001 
IQR 33.72 – 35.47 30.89 – 35.46 31.34 – 35.82 32.16 – 37.39 29.10 – 32.81 27.39 – 34.05 
ADL (%) 
Median 4.95 4.18 4.85 5.18 3.45  
P<0.001 
IQR 4.09 – 5.88 3.51 – 5.02 4.00 – 5.14 4.26 – 6.33 2.83 – 3.94  
GE (MJ/kg) 
Median 15.96 16.66 16.78 16.62  17.40  
P<0.001 
IQR 15.94 – 16.11 16.12 – 17.68 16.47 – 17.10 15.78 – 17.19 17.04 – 17.92  
DE (MJ/kg) 
Median 8.23 8.60  8.43 8.25 9.07 9.10 
P<0.001 
IQR 8.14 – 8.57 8.27 – 8.77 7.98 – 8.97 7.96 – 8.87 8.53 – 9.36 8.39 – 9.78 
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 Irish haylage 
Haylage samples were submitted for analysis representing years of production from 
2009 to 2014. 
Moisture and DM 
The variation in the moisture and DM content in Irish haylage produced from 2009 
to 2014 is presented in Figure 30. The moisture content of Irish haylage was not 
significantly affected by the year of production: 2009 34.0% (30.2%, 37.3%), 2010 
32.3% (21.7%, 43.6%), 2011 32.4% (25.1%, 45.4%), 2012 34.4% (26.3%, 39.5%), 
2013 34.1% (26.6%, 42.0%), 2014 27.8% (17.9%, 31.0%). Differences were 
observed in the ranges of moisture content. The largest ranges of moisture were 
observed in haylage produced in 2011: 14.1 – 76.6% and 2013: 11.5 – 66.3%. The 
smallest range was observed in 2012: 20.9 – 50.4%. These large ranges of moisture 
mean that the quality of the forage can also vary. The moisture levels at each end of 
the range, for example the range in 2013 of 11.5 to 66.3% moisture will result in two 
very different products at either end of this scale.  
The DM content of haylage was not significantly impacted by the year of 
production: 2009 66.0% (62.8%, 69.8%), 2010 67.7% (56.4%, 78.3%), 2011 67.7% 
(54.6%, 74.9%), 2012 65.6% (60.5%, 73.7%), 2013 65.9% (58.0%, 73.4%), 2014 
72.2% (69.0%, 82.1%). Similar to moisture content there were large ranges recorded 
in the DM content of Irish haylage, for example the largest range was observed in 
2011: 23.4 – 85.9%. As mentioned previously this range in DM content will yield 
two very different products at either end of this range. The sample with the highest 
DM content will be more similar to hay whereas the sample with the lowest DM 








Figure 30 Variation in moisture (a) and DM (b) content in Irish haylage by year of 




Moisture was categorised into three levels for haylage samples; low, moderate and 
high. The categorisation was as follows: low was less than 20%, moderate was 
between 20 and 50% and high was greater than 50%.  
The moderate moisture group trended as the most common moisture category 
recorded in Irish haylage throughout the years of production from 2009 to 2014, this 
is illustrated in Figure 31. The distribution of samples within the moisture categories 
throughout the years analysed was not significantly different.  
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Ash and OM 
The variation recorded in ash and OM content in Irish haylage is shown in Figure 32. 
There was no significant difference in the ash content of Irish haylage between 
different years of production: 2009 6.0% (5.5%, 6.5%), 2010 6.0% (5.4%, 6.7%), 
2011 5.7% (4.6%, 6.3%), 2012 5.2% (4.3%, 6.8%), 2013 5.7% (5.0%, 7.2%), 2014 
4.0% (4.4%, 7.1%). Although there were no significant differences in the median ash 
content, the range of ash in Irish haylage varied by year of production. The majority 
of forages contained an ash content within the range of 4.3 – 7.2%, however outliers 
were observed with ash contents of above 10%.  
OM content in Irish haylage was not significantly affected by the year of production 
of the forage: 2009 94.0% (93.5%, 94.5%), 2010 94.1% (93.41%, 94.6%), 2011 
94.3% (93.7%, 95.4%), 2012 94.8% (93.2%, 95.7%), 2013 94.3% (92.8%, 95.0%), 
2014 95.6% (92.9%, 95.7%). The largest range of OM in Irish haylage was recorded 








Figure 32 Variation in ash (a) and OM (b) content in Irish haylage by year of 





The variation in the crude protein content of Irish haylage is presented in Figure 33. 
There were no significant differences observed in the crude protein of Irish haylage 
by year of production: 2009 8.4% (6.7%, 10.4%), 2010 7.6% (5.9%, 8.4%), 2011 
6.1% (5.0%, 8.7%), 2012 7.9% (6.9%, 10.7%), 2013 8.1% (7.0%, 11.0%), 2014 
8.5% (6.7%, 9.8%). The majority of Irish produced haylage contained a crude 
protein content ranging from 5.0 – 11.0%. However, there were some haylage 
samples (produced in 2011, 2012 and 2013) that reached to approximately 15% or 
above crude protein.  
 
Figure 33 Variation in crude protein content in Irish haylage by year of production 
from 2009 to 2014 
 
Crude protein was categorised into three levels; low, moderate and high. The groups 
were based as follows; low was less than 8%, moderate was between 8 and 12% and 
high was greater than 12%.  
The distribution of Irish haylage samples within the crude protein groups is 
presented in Figure 34. For most years, a large proportion of samples (40% and 
above) were categorised as having a low crude protein content. Since 2011 there 
appears to be an increase in the proportion of haylage samples being categorised as 
having moderate crude protein content and a decrease in the proportion of samples 
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within the low crude protein category. However, the distribution of samples within 




Figure 34 Distribution of samples within crude protein groups by year of production 
 
NDF and ADF 
Figure 35(a) shows the variation observed in the NDF content of Irish haylage. 
Significant differences were observed in the NDF content of Irish haylage based on 
year of production: 2009 55.0% (51.2%, 59.9%), 2010 58.4% (54.0%, 61.2%), 2011 
56.0% (49.2%, 58.7%), 2012 62.8% (60.0%, 65.4%), 2013 54.4% (49.2%, 60.1), 
2014 47.4% (48.1%, 58.2%), H(5)=20.43, P<0.001. Irish haylage produced in 2012 
had a smaller range of NDF content than haylage produced in 2011 (P<0.05), 2013 
(P<0.01) and 2014 (P<0.001). The range of NDF content increased in Irish produced 
haylage in 2013 and 2014, with the largest range: 30.0 – 63.8% and IQR recorded for 
2014 Irish haylage. Despite this, the median decreased for the years from 2012 
(62.8%) to 2014 (47.4%).  
The variation observed in the ADF content of Irish haylage is shown in Figure 35(b). 
Year of production had a significant effect on the ADF content of Irish haylage 
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(28.6%, 35.4%), 2012 36.3% (34.7%, 38.2%), 2013 26.9% (25.2%, 31.1%), 2014 
25.7% (23.2%, 33.5%), H(5)=34.55, P<0.001. Haylage produced in 2012 had a 
significantly smaller range of ADF content in comparison with 2013 and 2014 
produced haylage (P<0.001). The range of ADF in Irish haylage varied by year of 
production, smaller ranges were recorded in 2009, 2010 and 2012 in comparison to 
2011, 2013 and 2014. The smallest IQR was recorded in 2012 haylage: 34.7 – 
38.2%, this IQR has limited overlap with the IQR for all other years, therefore 50% 
of the haylage samples from 2012 had a higher ADF content than half of the samples 








Figure 35 Variation in NDF (a) and ADF (b) content in Irish haylage by year of 




NDF and ADF were categorised into three levels; low, moderate and high. NDF was 
categorised as follows; low was less than 40%, moderate was between 40 and 65% 
and high was greater than 65%. ADF was categorised as low was less than 30%, 
moderate was between 30 and 40% and high was greater than 40%.  
The majority of haylage samples for each year of production (>60%) were 
categorised as having a moderate level of NDF (shown in Figure 36(a)). Despite the 
significant differences in the ranges of NDF in Irish haylage by year of production, 
the distribution of samples within the NDF categories by year of production was not 
significantly different.  
From 2009 to 2012 the majority of haylage, from 55% to greater than 80% of 
samples each year were categorised as having a moderate level of ADF (shown in 
Figure 36(b)). However, in 2013 and 2014 this changed to greater than 60% of the 
haylage samples being categorised as having a low level of ADF. The distribution of 
samples within the moisture categories throughout the years analysed was 










The variation observed in the ADL content of Irish haylage is shown in Figure 37. 
The ADL content in Irish haylage samples was significantly affected by year of 
production: 2009 4.2% (3.6%, 4.9%), 2010 3.8% (3.1%, 4.3%), 2011 3.9% (3.0%, 
4.9%), 2012 6.1% (5.4%, 8.5%), 2013 2.0% (1.6%, 2.9%), H(4)=32.46, P<0.001. 
Irish haylage produced in 2012 contained a significantly higher ADL content than 
haylage produced in 2010 (P<0.01), 2011 (P<0.05) and 2013 (P<0.001). There were 
some extreme outliers recorded in 2012 and 2013 which contained an ADL content 
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very different to the IQR for 2013 haylage (1.6 – 2.9%), the values for these two 
years were also different to the IQR for 2009 to 2011 (3.0 – 4.9%). 
 
Figure 37 Variation in ADL content in Irish haylage by year of production from 
2009 to 2014 
 
GE and DE 
There was a significant difference in the GE content in the Irish produced haylage 
(shown in Figure 38a): 2009 16.3 MJ/kg (16.0 MJ/kg, 16.7 MJ/kg), 2010 17.5 MJ/kg 
(17.1 MJ/kg, 17.8 MJ/kg), 2011 17.0 MJ/kg (16.6 MJ/kg, 17.5 MJ/kg), 2012 17.5 
MJ/kg (16.5 MJ/kg, 17.7 MJ/kg), 2013 17.3 MJ/kg (16.9 MJ/kg, 18.1 MJ/kg), 
H(4)=11.93, P<0.05. Irish haylage produced in 2010 showed a greater range in GE 
content than the haylage produced in 2009 (P<0.05). There was a larger range of GE 
content measured in 2013 in comparison with the other years: 15.57 – 19.57 MJ/kg. 
Year of production had a significant effect on the estimated DE (shown in Figure 
38b): 2009 8.7 MJ/kg (8.6 MJ/kg, 9.1 MJ/kg), 2010 8.7 MJ/kg (8.4 MJ/kg, 8.9 
MJ/kg), 2011 8.8 MJ/kg (8.2 MJ/kg, 9.2 MJ/kg), 2012 8.5 MJ/kg (7.8 MJ/kg, 8.7 
MJ/kg), 2013 9.9 MJ/kg (9.0 MJ/kg, 10.5 MJ/kg), 2014 10.4 MJ/kg, H(5)=30.51, 
P<0.001. Significant differences were observed between 2010, 2013 and 2014 
(P<0.05), 2011 and 2013 (P<0.05), and 2012, 2013 and 2014 (P<0.001). Variation 
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occurred in the ranges of estimated DE with the largest range observed in 2013: 7.57 





Figure 38 Variation in the GE (a) and estimated DE (b) content in Irish haylage by 




Digestible energy content was categorised into three levels: low, moderate and high. 
Samples were categorised as follows; low contained less than 8 MJ/kg, moderate 
represented samples containing between 8 and 10 MJ/kg and high containing greater 
than 10 MJ/kg.  
The distribution of samples within the DE categories throughout the years analysed 
was significantly different, χ2(15)=50.91, P<0.001. The change in distribution is 
evident in Figure 39. Throughout the years analysed, the majority of Irish haylage 
was categorised as having a moderate DE level. However, in 2013 and 2014 there 
was a considerable shift in the proportion of Irish haylage samples categorised as 
containing a high DE level. 
 
 
Figure 39 Distribution of samples within DE categories by year of production 
 
pH 
The variations observed in the pH levels of Irish haylage are shown in Figure 40. 
The pH of Irish produced haylage was significantly affected by the year of 
production: 2009 6.2 (5.8, 6.4), 2010 5.9 (5.8, 6.0), 2011 6.0 (5.8, 6.2), 2012 5.9 
(4.8, 6.2), 2013 5.6 (5.4, 5.8), 2014 5.5 (5.2, 5.7), H2(5)=16.61, P<0.01. The pH of 
the Irish haylage produced in 2011 showed a greater range of pH in comparison to 
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Figure 40 Variation in the pH of Irish haylage by year of production from 2009 to 
2014 
 
The nutritional content and significant differences of Irish haylage by year or 
production is summarised in Table 14. The results are provided as medians, IQR and 
and Kruskal-Wallis test value. Further information detailing the significant 
differences in the distributions of nutritional content in Irish haylage by year of 




Table 14 Summary of the annual variation and distribution of nutritional content in Irish haylage produced in the years 2009 to 2014 
Nutritional 
Parameter 
Value 2009 2010 2011 2012 2013 2014 




Median  34.00  32.28  32.35  34.40  34.14  27.80  
P=0.528 
IQR 30.18–37.25 21.73–43.63 25.12–45.41 26.31–39.46 26.59–42.01 17.90–31.00 
DM (%) 
Median  66.00  67.73  67.66  65.60  65.86 72.20  
P=0.528 
IQR 62.75–69.83 56.37–78.27 54.59–74.88 60.54–73.69 57.99–73.41 69.00–82.10 
Ash (%) 
Median  6.00  6.03  5.67  5.19  5.70  4.04  
P=0.250 
IQR 5.51–6.47 5.44–6.68 4.62–6.28 4.30–6.76 5.00–7.24 4.35–7.10 
OM (%) 
Median  94.00  94.13  94.33  94.81  94.30  95.60  
P=0.302 
IQR 93.54–94.49 93.41–94.56 93.72–95.38 93.24–95.70 92.76–95.00 92.90–95.65 
Protein (%) 
Median  8.43  7.60  6.10  7.87  8.07  8.45  
P=0.109 
IQR 6.67–10.44 5.92–8.41 5.04–8.67 6.85–10.66 7.00–11.03 6.65–9.82 
NDF (%) 
Median  54.96 58.38 56.02 62.84 54.42 47.40 
P=0.001 
IQR 51.24–59.93 53.95–61.22 49.22–58.66 60.05–65.36 49.16–60.10 45.08–58.20 
ADF (%) 
Median 33.22 32.37 32.13 36.27 26.86 25.74 
P<0.001 
IQR 32.19–35.37 29.69–34.47 28.59–35.39 34.68–38.18 25.16–31.11 23.15–33.50 
ADL (%) 
Median  4.24 3.81 3.85 6.05 1.95  
P<0.001 
IQR 3.61–4.87 3.13–4.28 3.04–4.88 5.36–8.53 1.63–2.87  
GE (MJ/kg) 
Median  16.30 17.47 17.04 17.49 17.30  
P=0.018 
IQR 16.03–16.66 17.12–17.75 16.64–17.47 16.53–17.71 16.90–18.10  
DE (MJ/kg) 
Median  8.72 8.69 8.75 8.49 9.89 10.40 
P<0.001 
IQR 8.57–9.07 8.35–8.88 8.17–9.16 7.75–8.73 8.97–10.49 8.98–10.45 
pH 
Median  6.18 5.90 5.95 5.92 5.59 5.50 
P=0.005 
IQR 5.77 – 6.40 5.80 – 6.04 5.81 – 6.21 4.77 – 6.23 5.38 – 5.76 5.20 – 5.70 
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4.4 Prevalence of pathogenic fungi 
 Prevalence of pathogenic fungi and country of production  
Forage samples from Ireland, the UK, and Canada were analysed for the presence of 
pathogenic fungi. Of the total samples analysed for nutritional content, analysis for 
the presence of pathogenic fungi was carried out on 77% of the samples (n=259).  
Of the Irish hay sample population (n=228), 88% (n=182) samples were tested for 
the presence of pathogenic fungi. Although the majority of these samples were 
negative for the presence of pathogenic fungi (75.3%, n=137) approximately a 
quarter (24.7%) of the Irish hay samples tested positive for the presence of 
pathogenic fungi (shown in Figure 41(a)). Aspergillus sp. and Fusarium sp. were the 
species isolated. 
Thirty-seven of the UK hay samples were analysed for the presence of pathogenic 
fungi. Of these, 89.2% showed no pathogenic fungi isolated. Figure 41(b) shows that 
the UK hay produced a lower level of samples positive for pathogenic fungi (10.8%, 
n=4) than Ireland. The majority of the Canadian hay samples (98%) were analysed 
for presence of pathogenic fungi. Only one of Canadian hay samples was positive for 
the presence of pathogenic fungi, with the rest of the samples (97.5%) returning a 
result of no pathogenic fungi isolated (shown in Figure 41(c)). Aspergillus was the 
only fungal species isolated from hay produced in the UK and Canada. There was a 
significant difference between the presence of pathogenic fungi from hay of different 
countries of production, χ2(2)=12.28, P<0.01.  
Haylage samples from Ireland and the UK were analysed for the presence of 
pathogenic fungi. These samples were considered separately to hay samples due to 
the nature of haylage preservation. There were 80 Irish haylage samples analysed for 
pathogenic fungi presence. Figure 42(a) illustrates that only 15% of these samples 
were positive for the presence of pathogenic fungi, with the remainder (85%) 
negative for the presence of pathogenic fungi. Twenty-three of the UK haylage 
samples were analysed for the presence of pathogenic fungi. Figure 42(b) shows that 
of these samples, 78.3% were negative and 21.7% were positive for the presence of 
pathogenic fungi. All of the positive samples isolated from Irish and UK haylage 
were of the Aspergillus species. There was no significant difference between the 
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presence of pathogenic fungi from haylages of different countries of origin (P>0.05). 
Aspergillus was the only pathogenic fungi identified in haylage samples. 
  
  
Figure 41 Presence of pathogenic fungi in hay samples 
 
  
Figure 42 Presence of pathogenic fungi in haylage 
 
Further analysis of the positive samples from Irish hay revealed that 98% of the 
positive samples contained Aspergillus and 2% contained Fusarium (n=1). All of the 
positive samples isolated in UK and Canadian hay were of the Aspergillus species. 
The figures provided in Table 15 show that light and moderate growths were the 
most common growth levels of Aspergillus isolated in all types of forage. There was 

































country of production in hay, χ2(6)=13.71, P<0.05. This may be affected by the 
number of samples submitted for this analysis (Positive samples: Ireland n=45, UK 
n=4, Canada n=1). However, there was no significant difference in the levels of 
growth of pathogenic fungi in haylage from different countries.  
Table 15 Percentage of Aspergillus in forage samples 
 Negative Light Moderate Heavy 
Irish Hay 76% 9% 10% 5% 
UK Hay 89% n/a 8% 3% 
Canadian Hay 98% n/a 2% n/a 
Irish Haylage 85% 5% 7% 3% 
UK Haylage 78% 5% 13% 4% 
 
 Prevalence of pathogenic fungi and moisture content 
Hay 
Moisture content in hay was categorised into three categories; low, moderate and 
high. Samples in the low moisture group had less than 10% moisture, the moderate 
group contained between 10 and 15% moisture and the high group contained greater 
than 15% moisture. These categories were compared with the presence of 
Aspergillus. There was no significant association between the moisture content and 
the presence of Aspergillus in hay. The incidence of Aspergillus in hay samples was 
greater in the moderate (21%, n=30) and high categories (17%, n=10) compared to 
the low category (15%, n=8), however, this was not significantly significant. Figure 
43 shows that there was a similar chance of Aspergillus presence in all moisture 
categories. Figure 44 illustrates that the majority of the positive samples were 
isolated in hay that contained between 10 and 15% moisture. There was no 





Figure 43 Moisture content and Aspergillus presence 
 




Moisture was categorised into three levels for haylage samples; low, moderate and 
high. The categorisation was as follows: low was less than 20%, moderate was 
between 20 and 50% and high was greater than 50%. The presence of Aspergillus in 
the samples was then compared with the moisture categories. From Figure 45 it 
appears that the incidence of Aspergillus is highest in the samples within the low 
moisture category (40%). However, the distribution of samples positive for 



















































Figure 46 shows that the samples positive for Aspergillus were within the low (24%) 
and moderate moisture categories (76%). None of the samples with a high moisture 
content tested positive for the presence of Aspergillus.  
There was no significant effect of moisture content on the level of Aspergillus 
growth in haylage. However, the presence of Aspergillus was limited to samples 
within the low and moderate moisture categories.  
 
Figure 45 Occurrence of Aspergillus in the haylage of different moisture contents 
 




























































 Prevalence of pathogenic fungi and nutritional content 
The prevalence of pathogenic fungi and the protein content of hay and haylage were 
investigated. There was no significant association between the protein content and 
the presence of pathogenic fungi in hay or haylage.  
The pH of haylage had no significant impact on the presence of pathogenic fungi in 
haylage. However, there were no cases of Aspergillus isolated in the haylage samples 
that had a pH of 4 or less. Figure 47 illustrates that the haylage samples that were 
positive for the presence of Aspergillus were categorised as having a pH of 5 or 6. 
 






























5.1 Effect of country of production on nutritional quality 
The forages analysed in this study represent forage harvested from 2009 to 2014. 
The forages were produced in Ireland, the UK and Canada. Irish forages accounted 
for the majority of the samples analysed (73%), followed by the UK (18%) and 
Canada (9%). Hay was the most common forage type analysed (70%).  
Of the Irish forages submitted, provinces with a higher proportion of racehorse 
trainers and breeders were particularly well represented in the samples analysed. 
Fifty-one percent of Irish forage in this study was produced in Leinster and 34% was 
produced in Munster. The racehorse trainer and stud farm densely tenanted counties 
of Kildare and Tipperary were well represented as 22% of Irish forages were 
produced in Kildare, 19% were produced in Tipperary and 12% were produced in 
Wexford. 
 Hay 
Country of production had a significant effect on the nutrient composition of hay. 
The parameters that were significantly affected are crucial components for 
determining the quality of forage.  
Moisture and DM content are important as a predictor for potential mould growth or 
spoilage and for subsequent diet formulation. In hay production, the aim would be to 
dry the hay to less than 15% moisture content in order to limit the risk of heating or 
mould proliferation within the hay during storage. This can be difficult in Ireland due 
to unpredictable climatic conditions during the harvest season. Consequently, there 
has been a trend in the last decade among racehorse trainers in Ireland and the UK to 
move towards Canadian hay. Their initial reasoning for this was due to reduced 
presence of pathogenic fungi (Creighton 2017). This reasoning is supported by this 
research as Canadian hay had a significantly smaller range and lower median 
moisture content (10.0%, IQR: 9.0-11.2%) than Irish (13.6%, IQR:10.9-16.4%) and 
UK produced hay (12.3%, IQR: 10.6-14.4%), and a significantly lower prevalence of 
pathogenic fungi in Canadian hay, as only 2.5% of Canadian hay samples contained 
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pathogenic fungi. By comparison, pathogenic fungi were isolated from 24.7% and 
10.8% of Irish and UK produced hay samples respectively.  
Additionally, the smallest range of moisture was recorded in Canadian produced hay. 
By comparison, the largest range of moisture was recorded in Irish hay (3.1 – 
30.4%). However, 50% of Irish hay in this study contained between 10.9 and 16.4% 
moisture, only varying by 5.5%. This represents good harvest management given the 
weather variations that can occur during the harvest period in Ireland.  
The ranges of moisture content recorded in this study (Irish hay: 3.1 – 30.4%, UK 
hay: 6.0 – 27.3%, Canadian hay: 7.1 – 14.2%) are similar to those recorded by Gálik 
et al. (2016). Gálik et al (2016) recorded a mean moisture content of 9.8% and a 
range of 5.04 – 17.96% in Slovakian meadow hay (n=40). The mean moisture 
content recorded by Gálik et al. (2016) is similar to the median value recorded in this 
study for Canadian hay. Equi-analytical has documented an average moisture content 
in grass hays for years of production similar to this study between 6.8 – 7.9%.  The 
ranges observed in their work are between 4.2 – 9.4%. These values are lower than 
the moisture values recorded in this study for hay produced in all three countries. 
The moisture content of the permanent meadow hay used by Bergero and Peiretti 
(2011) was similar to the values recorded by Gálik et al. (2016) and Equi-analytical. 
The moisture content recorded by Bergero and Peiretti (2011) was 9.9% (n=6). The 
moisture content recorded by Equi-analytical(Equi-analytical), Gálik et al. (2016) 
and Bergero and Peiretti (2011) are lower than the values recorded in this study.  
The consistency of Canadian hay, in terms of moisture content was reiterated when 
the moisture content was categorised into groups. The most common category 
observed in Irish and UK hay was a moderate moisture level (10-15%), however, 
approximately half (46%) the Canadian hay samples were categorised as having low 
moisture content (<10%). There were no Canadian hay samples categorised as 
having high moisture content. 
Protein is a very important factor in determining the suitability of forages for horses. 
There was a significant difference in the crude protein ranges of the three hay types 
with Canadian hay having the highest median value and range of crude protein 
(9.6%, IQR: 7.8-10.9%), followed by Irish hay (7.4%, IQR: 6.0-8.8%) and UK hay 
(5.3%, IQR: 4.2-7.5%). Data available from Equi-analytical for grass hays produced 
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in a similar period to this study yielded an average crude protein content of 10.8% 
(range: 6.9 – 15. 5%). Gálik et al. (2016) recorded a mean crude protein content of 
8.2% DM (81.90 ±20.52 g/kg DM). This converts to approximately 7.4% on an as 
fed basis. Bergero and Peiretti (2011) recorded a mean crude protein content of 8.3 
±1.9% DM (n=6) in permanent meadow hay. Rodrigues et al. (2007) observed a 
range of 5.3 - 9.8% DM in crude protein content of hay produced in Portugal (n=6). 
The values of crude protein recorded by Equi-analytical are similar to results for 
Canadian hay in this study. The crude protein values recorded by Gálik et al. (2016),  
Bergero and Peiretti (2011) and Rodrigues et al. (2007) are similar to the values 
recorded for Irish hay in this study. This would suggest that even though the values 
recorded in this study for Irish and UK hay seem low, hay produced in Ireland 
contains a similar crude protein content to hay produced in Europe.  
The higher crude protein content in Canadian hay may be due to the intensive 
farming that is carried out for hay production or the grass type used. All of the 
Canadian hay analysed in this study consisted of pure timothy. As grass species 
identification was not available for the majority of Irish and UK hay and haylage, 
this was not factored into the analysis, however, it could play an important role in 
significant differences observed. There is also a possibility that Canadian hay that 
may appear to be of a lesser quality is not shipped to Europe for racehorses and so 
will not be reflected within this dataset. However, the tight range of crude protein 
content observed in Canadian hay would suggest that the system of production for 
Canadian hay provides a very stable, high-quality product in terms of moisture and 
crude protein.  
The categorisation of crude protein further highlighted the differences in the quality 
of Canadian hay in comparison to the majority of Irish and UK produced hay. The 
majority of Irish (62%) and UK (78%) produced hay contained a low level of crude 
protein (<8%), in comparison the majority of Canadian hay (56%) which contained a 
moderate level of crude protein (between 8 and 12%). Canadian hay-producers also 
have the ability to produce hay of high protein content as approximately one fifth of 
Canadian hay samples (19%) analysed in this study contained a high level of crude 
protein which was categorised as greater than 12%. In comparison to this only 5% of 
Irish hay and 2% of UK hay were categorised as having high crude protein content. 
The lower quality in Irish and UK hay to Canadian hay, in terms of crude protein, is 
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something that needs to be further addressed. The data has shown that it is possible 
to produce hay in Ireland and the UK that can contain a moderate level of crude 
protein as well occasionally crude protein content above 12%. Hay within the 
moderate category is of a quality that would supply most horses with a maintenance 
level of crude protein from a forage only diet. This would allow horses to have a 
more natural diet which has well documented health benefits.  
Fibre fractions, NDF and ADF, in hay were affected by the country of production, 
but not in the way that was expected. Canadian hay feels coarser to handle in 
comparison to Irish and UK hay. Therefore, it was thought that there may be a 
significant difference in the NDF content of Canadian hay. However, a significant 
difference was only observed in UK hay (55.3%, IQR: 51.2-60.6%), as it contained a 
significantly lower NDF content to Canadian (62.7%, IQR: 58.8-65.2%) and Irish 
hay (60.9%, IQR: 56.5-63.7%). Harvesting methods, the use of pure timothy and 
climatic differences for Canadian hay production may contribute to the difference in 
coarseness between Canadian hay and Irish and UK hay, but there is no statistical 
evidence for this.  
The average values for NDF observed by Equi-analytical were between 61.54% and 
62.75%. The range documented by Equi-anaytical varies between 53.02% and 
71.44%. Gálik et al. (2016) recorded a mean NDF content of 59.1% DM with a 
range of 49.9 – 71.8%. Bergero and Peiretti (2011) recorded a mean NDF content of 
60.8% DM. The Equi-analytical average value is similar to the median value for 
Canadian hay observed in this study. The values recorded in these studies are similar 
to the values recorded in this study.  
The stage of maturity of the grass at harvest may play a role in the variations 
observed in the ADF content of the hay samples. Typically, the weather of Irish 
summers is very unpredictable, with UK and Canadian summers being easier to 
forecast with less rainfall in comparison to Ireland. This is further supported as the 
largest range of ADF content was recorded in Irish hay (22.9 – 45.6%), however, 
there was very little difference in the ranges. There was a significant effect of 
country of production on the ADF in hay, however, this was only at the 95% 
confidence interval and so pairwise comparisons could not be made. As mentioned 
previously the coarseness in relation to Canadian hay may be linked to the higher 
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ADF content observed in this study (35.7%, IQR: 29.4-37.4%) in comparison to 
Irish (32.6%, IQR: 29.6-35.4%) and UK hay (31.40%, IQR: 28.9-35.9%), even 
though this difference was not statistically significant. However, when ADF content 
was categorised the most common category observed in all three hay types was a 
moderate ADF content (30-40%), this would suggest that grass that is suitable to 
harvest is generally within this range of ADF.  
The ADF content recorded by Gálik et al. (2016) was a mean value of 36.6% DM 
with a range of 29.4% to 44.5%. Bergero and Peiretti (2011) recorded an ADF 
content of 37.9% DM in meadow hay. The average ADF values recorded by Equi-
analytical were between 38.6% and 39.4%. The Equi-analytical range for ADF in 
grass hay was 33.2 – 45.3%. The values for ADF recorded in the studies mentioned 
are similar to the values recorded in this study. The ADF content in the Canadian hay 
in this study is most similar to the ADF content observed by Gálik et al. (2016), 
Bergero and Peiretti (2011) and Equi-analytical.   
 Haylage  
Significant differences in the nutritional content of haylage from Ireland and the UK 
were limited. The only parameter significantly affected by country of production was 
moisture and the consequent DM content. The lack of significant differences 
observed in haylage can be seen as a positive as it means that haylage is a more 
consistent product between Ireland and the UK. This in part may be due to the nature 
of haylage production.  
The available documented moisture content in haylage appears to be wide ranging. 
Bergero et al. (2002) recorded a moisture range of 35.1% to 44.2% in Ryegrass 
haylage (38.8% on average) (n=3). Bergero and Peiretti (2011) recorded moisture 
content in permanent meadow haylage at 41.5% (n=7). Ragnarsson and Lindberg 
(2008) recorded a range in moisture content range of 49.9% to 57.0% in Timothy 
haylage grown in Iceland and a range of 14.7% to 40% in mixed grass haylage 
grown in Iceland (Ragnarsson and Lindberg 2010). These studies have recorded 
moisture content that ranges from 14.7% to 57.0%. This range is similar to the 
ranges recorded in this study for UK-produced haylage: UK 14.7 – 42.4%. The range 
recorded in this study for Irish haylage: 11.5 – 83.5%, is larger than the ranges 
recorded in other studies. However, the median values recorded in this study for 
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Ireland and the UK: Ireland 32.7% IQ: 25.4 – 42.7%, UK 26.0% IQR: 22.6 – 29.5%, 
are similar and in some cases lower than ranges documented by Bergero et al. 
(2002), Ragnarsson and Lindberg (2008), Ragnarsson and Lindberg (2010) and 
Bergero and Peiretti (2011). 
The variations observed in moisture content in this study and the studies mentioned 
highlight that moisture content in haylage is wide ranging. These variations in 
moisture content will produce two very different products at either end of the ranges 
observed in this study (Ireland: 11.5 – 83.5%, UK: 14.7 – 42.4%) and by Ragnarsson 
and Lindberg (2010) (14.7 – 57.0%). Haylage samples with the lowest moisture 
content will be similar to hay, whereas haylage samples with a very high moisture 
content will be similar to silage.  
The crude protein values recorded in haylage in this study (Ireland 7.8% IQR: 6.1 – 
10.2%, UK 7.2% IQR: 6.2%, 8.4%) are lower than the values recorded in other 
studies. Bergero et al. (2002) recorded crude protein content at 15.7%, 8.3% and 
9.4% on a DM basis in ryegrass haylage. The range of crude protein recorded by 
Ragnarsson and Lindberg (2008) was between 9.3% and 17.5% DM in timothy 
haylage and 12.1% to 20% DM in mixed grass haylage (Ragnarsson and Lindberg 
2010). Bergero and Peiretti (2011) recorded a crude protein content that was similar 
but higher to the median values obtained by this study (9.4%).  
As haylage is a fermented product it allows the grass to be cut at an earlier stage of 
growth and drying of the forage is less than that required for hay production. This 
lowers the need for a longer drying period and allows for grass to be harvested at a 
time that is more suitable for the quality of grass rather than when the weather is 
suitable. However, despite this, the crude protein content of haylage produced in 
Ireland and the UK is lower than the values recorded in other studies.  
 
5.2 Effect of year of production on the nutritional quality of 
Irish forage 
As was expected, year of production had a significant effect on the nutritional quality 
of Irish forage. However, not all parameters were affected significantly by year of 
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production. Interestingly and unexpectedly crude protein was a nutrient parameter in 
Irish hay and haylage that was not affected by year of production.  
 Hay 
The moisture content of Irish hay was significantly affected by the year of 
production. Irish hay produced in 2011 and 2012 contained a significantly higher 
range of moisture content than hay produced in 2009, 2013 and 2014; 2009 12.4% 
IQR: 9.3-13.3%, 2010 13.8% IQR: 11.3-16.3%, 2011 16.7% IQR: 14.1-17.6%, 2012 
15.1% IQR: 13.7-19.2%, 2013 11.5% IQR: 10.1-14.1%, 2014 11.3% IQR: 8.4-
15.2%. The impact of the Irish weather can be linked in part to this. Storage 
conditions may also be a key factor, however, that was not included in this study. 
The weather in July of 2012 was colder, wetter and duller on average than previous 
years (Ryan 2012). This sparked a fodder crisis at the end of 2012 and into 2013. 
Whereas in 2013 and 2014 the quality of Irish forage appeared to increase. In 2013, 
the summer was much better than 2012 with June being very sunny with drought 
conditions and July being the hottest on record in many observatories with heatwave 
conditions (Harkin 2013). The weather recorded in 2014 was also the hottest in 
Europe in several centuries (McGreevy 2015). This would have had a positive 
impact on the weather conditions during harvesting and early storage and could be 
responsible for the lower median moisture content recorded in these years. This 
would further reiterate the impact of Irish summer weather on forage production. 
The distribution of Irish hay within the moisture content categories varied depending 
on the year of production, however no consistent trend was observed and there was 
no significant effect of year of production on the distribution.  
The moisture content recorded in Irish hay in this study is higher than the values 
recorded for hay in other studies. Gálik et al. (2016) recorded a mean moisture 
content of 9.76% with a range of 5.04% to 17.96%. The moisture content recorded 
by Bergero and Peiretti (2011) was 9.9%. However, in 2013 and 2014, the median 
moisture values of the Irish hay in this study were closer to these values than in any 
other year analysed. 
The crude protein content of Irish hay was not significantly affected by the year of 
production. This finding was unexpected. The crude protein content of Irish hay 
remained consistently low with an average value of 7.4% (2009: 7.8%, 2010: 7.1%, 
Discussion 
110 
2011: 6.2%, 2012: 7.2%, 2013: 7.5%, 2014: 8.4%). This range is indicative of the 
consistency of low protein production in Irish hay. However, it was thought that the 
Irish weather would impact the crude protein content, especially in years where 
harvesting was difficult and delayed due to unsuitable weather in comparison to 
years where the weather allowed for hay to be made whilst the grass was lusher. The 
median crude protein content of Irish hay throughout the years analysed shows some 
association with weather conditions. The summer of 2014 was the warmest of the 
years analysed and the median crude protein content of hay produced in this year: 
8.4%, was the highest of the years analysed.  
The crude protein content recorded by Gálik et al. (2016) and Bergero and Peiretti 
(2011), 8.2% and 8.3% respectively, are similar, but slightly higher than the values 
recorded in this study. However, despite the crude protein values of Irish hay in this 
study appearing as consistently low, they are in fact similar to other hay types. 
It is beyond doubt that Irish weather plays a role in forage production, especially 
hay, in terms of suitable weather conditions for harvesting. It is known that field 
dried hay in Ireland is generally made when the weather conditions are suitable 
rather than when the grass is suitable for harvesting. The median crude protein value 
of approximately 7% categorises Irish hay in the low category of crude protein 
(<8%) content for each year of production analysed in this study, with the exception 
of 2014 produced hay. The factors contributing to this need to be examined in order 
to make improvements to the quality of Irish hay. It was observed that the 
distribution of Irish hay within the crude protein categories has been changing in the 
latter years analysed. From 2012 there has been a steady increase in the proportion of 
samples being categorised within the moderate crude protein category (8-12%): 2012 
24.2%, 2013 30.6%, 2014 51.6%. The increase from below 10% to over 50% of Irish 
hay samples within the moderate crude protein category within a four-year period 
indicates a great improvement to the quality of Irish hay. This improvement needs to 
be maintained and possibly improved within Irish hay production. Even though the 
weather in these years is likely to have played a fundamental role in this, it is also 
possible that the awareness of forage quality among owners and breeders is also 
increasing and so a focus on producing or sourcing a higher-quality product may also 
be intrinsic to this increase of samples within the moderate category. 
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In recent years there has been an increase in the use of drying equipment and barn 
drying of hay in order to maximise the nutritional potential. This allows hay to be 
baled at a higher moisture content than field cured hay as the remaining moisture is 
removed through mechanical drying or barn drying. These processes make it easier 
for hay to be dried to a more consistent moisture content even if harvest conditions 
are not ideal. Therefore, this limits the risk of mould proliferation and spoilage of the 
hay (Séguin et al. 2012). These forms of additional drying add extra cost to hay 
production and consequently will not be possible, accessible or achievable for all hay 
producers. For example, Pöllinger (2014) estimated the cost of barn drying hay at 
€30 per tonne. Given that the cost of good hay can be around €160 per tonne (Irish-
Examiner 2012; O'Brien 2018), barn drying would add considerable cost. It would 
be interesting to investigate if the use of these techniques has an impact on the 
nutritional quality of the forage. 
Significant differences were recorded in NDF and ADF content of Irish hay 
throughout the years analysed in this study. No consistent trends were observed. 
However, in some instances the values recorded for NDF and ADF can be linked to 
weather conditions during the year, most notably the fodder crisis in 2012 and 2013. 
The median NDF and ADF content in 2012, 63.9% and 35.4% respectively, were 
higher than the preceding and following year (NDF: 2011 57.6%, 2013 61.6%, ADF: 
2011 33.3%, 2013 31.1%). The median values for NDF and ADF recorded in this 
study are similar to the values recorded by Bergero and Peiretti (2011) (NDF: 60.8%, 
ADF: 37.9%). However, the ranges of NDF and ADF for Irish hay (NDF: 36.3% - 
71.6%, ADF: 23.8% - 43.6%) recorded in this study are similar to those recorded by 
Gálik et al. (2016) (NDF: 49.9% - 71.8%, ADF: 29.4% - 44.5%). 
The DE content of Irish hay was also affected by year of production. This was to be 
expected given the significant variations observed in ADF content of Irish hay by 
year of production. Similar to moisture and crude protein, the effect of weather 
conditions cannot be ruled out as having a consequential influence in the higher DE 
values recorded in 2013 (9.1 MJ/kg) and 2014 (9.1 MJ/kg) in comparison to previous 




Unlike Irish hay, moisture/ DM and ash/ OM were not significantly affected by the 
year of production in Irish haylage. This could be due to the haylage production 
process, which requires a shorter drying period in comparison to hay production. 
This allows haylage production to focus on the suitability of grass for harvesting 
rather than the suitability of weather conditions for harvesting. However, this is 
surprising as it might be expected that the moisture content of Irish haylage would be 
significantly affected by year or production and the subsequent weather conditions of 
each year in a manner similar to Irish hay. The summer weather of 2013 and 2014 
was better than 2012, with a lot of sunshine and some record breaking temperatures 
(Harkin 2013; McGreevy 2015). The median moisture content recorded in haylage 
produced in 2014 at 27.8% is the lowest for all years analysed, as the medians for the 
other years range from 32.3 – 34.4%. It could be said that there was an influence 
observed in 2014, though, this was not significant. 
The fibre content of Irish haylage was significantly affected by the year of 
production. This would suggest that the stage of growth at harvest differed from year 
to year. However, most of the significant differences relate to haylage produced in 
2012. The NDF content of Irish haylage in 2012 was significantly higher (62.8%) 
than the preceding year and the following years (2011 56.0%, 2013 54.4%, 2014 
47.4%). Similar to NDF, the ADF content of Irish haylage in 2012 (2012 36.3%) 
was significantly higher than the following years (2013 26.9%, 2014 25.7%). This 
was probably due to the weather which caused the fodder crisis which began in 
2012, as in 2012, Irish forage, both hay and haylage had higher fibre contents. 
Despite this, the values recorded in this study for NDF and ADF in Irish haylage are 
not dissimilar to the values documented by Ragnarsson and Lindberg (2008) (NDF: 
50.3 – 63.9% DM, ADF: 29.9 – 41.1% DM), Ragnarsson and Lindberg (2010) 
(NDF: 50.7 – 54.5% DM, ADF: 27.0 – 30.6% DM) and Bergero and Peiretti (2011) 
(NDF: 60.8% DM, ADF: 37.9% DM). 
Similar to Irish hay, the DE content of Irish haylage was also affected by year of 
production. This might be expected due to the significant annual variations recorded 
in ADF content of Irish haylage. As previously mentioned, the effect of weather 
conditions cannot be ruled out as an influence in the DE values due to the impact of 
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ADF on DE. This assumption is emphasised by the increase in samples within the 
low DE category in 2012 to 35.7% from 13.6% in 2011. Similar to the changes 
observed in Irish hay in 2013 and 2014 where the summer weather was better, the 
proportion of samples within the high DE category was 45.8% in 2013 and 53.8% in 
2014, when in previous years there were no samples within the high category, with 
the exception of 4.5% of samples within the high category in 2011.  
These weather fluctuations clearly have an effect on forage production. Although 
forage quality improved throughout the years studied it may also be due to 
improvements in the efforts of farmers to produce better quality forage in Ireland.  
 
5.3 Prevalence of pathogenic fungi 
 Effect of country of production on the prevalence of 
pathogenic fungi 
The country of production had a significant impact on the prevalence of pathogenic 
fungi in hay. However, this was not replicated in haylage. There was a higher 
occurrence of pathogenic fungi in Irish hay, as approximately a quarter of Irish hays 
tested positive for the presence of pathogenic fungi. By comparison, only 11% of 
UK hay and 2.5% of Canadian hay tested positive for the presence of pathogenic 
fungi.  
The pathogenic fungi isolated were predominately of the Aspergillus species (97.8%) 
as Fusarium was only isolated in one sample. The moisture content of the hay and 
the storage conditions would have an impact on the potential for mould growth. 
Unfortunately, storage was not evaluated in this research. However, moisture 
content, which is very important in terms of potential for mould growth, varied 
depending on the country of production. Canadian hay had significantly lower 
moisture content than Irish and UK produced hay (Ireland 13.6%, UK 12.3% and 
Canada 10.0%). This would have been a factor in the lower number of samples that 
were positive for the presence of pathogenic fungi in Canadian hay. Irish and UK 
produced hay was mainly within the moderate moisture range (10-15%). At the 
higher end of this category forage would be more at risk of mould growth during 
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poor storage. Therefore, this may be a factor for the higher number of positives 
observed in Irish produced hay.  
There was a marginally higher proportion of samples positive for the presence of 
pathogenic fungi in UK haylage (21.7%) than in Irish haylage (15%). However, this 
was not statistically significant. This higher proportion of positives in UK produced 
haylage may be due to the lower DM content of UK produced haylage (26.0%) in 
comparison with Irish haylage (32.7%). This highlights a potential risk in haylage 
production, as it is important for forage producers to understand the importance of a 
suitable level of moisture in haylage that will allow for fermentation and the 
prevention of mould growth. As haylage can sometimes be produced when it was 
intended to make hay but weather conditions become unfavourable the subsequent 
forage does not have the correct moisture content to be hay or haylage. The lack of 
moisture will mean that the forage will not undergo correct fermentation after 
wrapping.  
 The effect of nutritional content on the prevalence of 
pathogenic fungi 
Moisture content is important as a predictor for potential mould growth or spoilage. 
However, there was no significant difference recorded between the moisture content 
categories and the presence of Aspergillus. However, the majority of hay samples 
positive for pathogenic fungi were categorised in the moderate moisture group (10-
15%). This would suggest that this category may be predisposed to mould 
contamination. The lack of a significant association between the moisture content 
category and the presence of Aspergillus would support the assumption that storage 
also plays a key role in the prevention of mould proliferation. As samples within the 
low moisture category (<10%) should be safe from mould contamination, if storage 
is poor the hay can become contaminated with Aspergillus. In the case of haylage 
samples, Aspergillus was only isolated from samples that were categorised as having 
a low (<20%) or moderate moisture level (20-50%). This highlights the fact that 
moisture content in haylage plays a role in mould growth. Haylage requires a 
moisture content of greater than 20% in order for fermentation of the forage to take 




From the study, there were no significant links found between the nutritional content 
and the prevalence of pathogenic fungi in hay or haylage. The pH may be associated 
with the presence of pathogenic fungi, as no pathogenic fungi were isolated in any 
haylage samples that had a pH of 4. However, there was no statistically significant 
association. Without sufficient moisture content as highlighted above, correct 
fermentation cannot occur and so the subsequent pH level of the forage will be 






The aim of this study was to document the variation occurring in the quality of 
forages intended for horses. As a result of this research variations in forage quality 
due to country of production and year of production have been profiled. It is evident 
that the nutrient quality of forages can vary by country and year of production and 
that there was a wide range in the forage quality.  
• The range of moisture values for Canadian hay was smaller than those for 
Irish hay or UK hay. In addition, Canadian hay had the lowest median 
moisture content. This low moisture content may be associated with the 
lower prevalence of pathogenic fungi in Canadian hay. In the case of haylage, 
moisture content was affected by country of production with Irish haylage 
producing a larger and higher range of moisture content in comparison to 
UK-produced haylage. 
• The quality of Irish hay differed significantly by year of production. There 
were higher median values for moisture content in hay produced in 2011 and 
2012, this may be associated with the fodder crisis in those years. However, 
improvements were observed in Irish hay samples as regards decreased 
moisture content in the latter years of this study (2013 and 2014). 
Unexpectedly, the moisture content of Irish haylage was not affected by year 
of production. 
• The moisture values recorded in this study for Canadian hay were similar to 
those recorded by Gálik et al. (2016) and Bergero and Peiretti (2011). 
However, the figures recorded by Gálik et al. (2016) and Bergero and Peiretti 
(2011) are lower than the median values recorded in this study for Irish and 
UK hay. The ranges of moisture content recorded in this study for haylage 
are similar to the values recorded by Ragnarsson and Lindberg (2010).  
• This research has shown that Canadian hay that is imported to Europe is a 
very stable product in terms of crude protein content. Canadian hay contained 
a higher range of crude protein that varied less than that of Irish and UK hay.  
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• Unexpectedly, the crude protein content of Irish hay and haylage was not 
affected by year of production. The quality of Irish hay has improved from 
2012 to 2014. The median crude protein values in Irish hay were similar to 
those published by Gálik et al. (2016) and Bergero and Peiretti (2011). 
• The NDF and ADF content of hay were significantly affected by country of 
production. Hay produced in the UK contained a lower median NDF content 
than hay from Ireland and Canada. Canadian hay contained a higher median 
ADF content compared to Irish and UK hay.  
• Both the NDF and ADF content of hay were affected by year of production. 
In haylage, all three fibre fractions were affected by year of production. 
These fibre fractions were higher in 2012 than in other years.  
• Country of production only affected GE content of hay. However, in the case 
of DE, country of production did not affect the DE values for hay.  
• DE content was affected by year of production in both hay and haylage.  
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shown the diversity that occurs in forage. This information can be disseminated to 
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Appendix 1: Fibre standard 
A-1 
 
Appendix 1: Fibre Standard 
 NDF ADF ADL 
NDF% Mean SD CV ADF% Mean SD CV ADL% Mean SD CV 
Standard 57.408 58.374 1.1368 1.9475 35.021 34.767 0.5588 1.6074 7.310 7.060 0.2740 3.8816 
56.710 35.445 7.140 
59.209 34.884 7.000 
56.590 34.232 6.762 
58.962 33.693 6.403 
57.745 33.738 6.915 
56.183 34.420 6.958 
58.021 34.331 6.770 
58.654 34.028 6.771 
58.589 35.369 7.393 
57.972 34.410 7.088 
59.179 35.091 7.093 
58.660 35.190 7.137 
57.304 35.561 7.198 
58.411 34.463 6.853 
58.773 34.859 7.102 
61.042 35.194 7.060 
58.768 34.746 6.952 
60.197 35.366 7.287 
59.253 34.893 7.375 
58.961 35.182 7.366 
57.344 35.378 7.651 
58.679 34.159 6.789 
Appendix 2: Significant differences in distributions  
A-2 
 
Appendix 2:  
Significant differences in the distributions of 





Canada-UK Canada-Ireland UK-Ireland 
Moisture 0.001 0.000 0.228 
DM 0.001 0.000 0.226 
Crude protein 0.000 0.000 0.000 
NDF 0.000 0.115 0.000 
ADF 0.590 0.710 1.000 
GE 0.000 0.015 0.001 
 
Significant differences in the distributions of 
nutrient parameters in hay by year of production 
 2009 2010 2011 2012 2013 2014 
Moisture a ab b b a a 
Ash a a b a a a 
NDF a ac ac bc c a 
ADF ab ab ab a b b 
ADL a a a a b  
GE a a a a b  
DE ab ab a a b b 
Different letters signify significant differences. Same letters signify no significant difference.  
 
Significant differences in the distributions of 
nutrient parameters in haylage by year of 
production 
 2009 2010 2011 2012 2013 2014 
NDF ab ab a b a a 
ADF ab ab ab a b b 
ADL ab a a b a  
GE a b ab ab ab  
DE abc a ac a b c 
pH ab ab a ab b ab 
Different letters signify significant differences. Same letters signify no significant difference.  
 
